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AiSTKAri' 


The design of snvlronasntal control subsystems (ECS) for the peeecnger com- 
partment of cl ctric and hybrid vehicles requires new approaches. Conventional 
as well as unconventional techniques were identified for providing environ- 
mental control suited for the unique characteristics of electric and hybrid 
vehicles. These techniques Included various types of heat pumps, thermal 
energy storages, and reversible chemical reactions. 

A novel technique called the Split Heat Pump appears to meet the require- 
ments in a cost-effective manner, and, thus, has been selected as the most 
suitable element for long-term development. The split heat pump has no 
moving parts and requires no fuel on board the vehicle. Recharging can be 
accomplished with a suitable heat source in the garage, and hence can be 
operated with multitudes of energy sources such as electricity, oil, natural 
gas, or even wood. 

Thermal energy storage utilizing sensible heat for heating and latent heat 
of freezing for cooling has the roost merit for intermediate-term development. 
The gasoline-engine-driven heat pump is suitable for near-term product de- 
velopment . 

As a by-product of this study, one version of the split heat pump also ap- 
pears to have potential for application as an air-conditioner in conventional 
Internal -combust ion-engine vehicles. This version may provide a less expen- 
sive air-conditioning system with practically no penalty in mileage as com- 
pared to presently available systems. 
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IXICWIVI tlMHAIIY 


This final raport contalna tha raaults of a nina-aonth acudy contract awarded 
to Nachanlcal Tachnology Incorporated ((fTI) by tha Jet Prop^ilaion Laboratory, 
Paaadana, California. Tha prograa oDjactlva waa to aalact an anvironaantal 
control aubayataa (ECS) aultabla to tha unique charactarlctlca of electric 
and hybrid vahiclaa. The atudy. In addition to addraaaing tha need for en- 
vironmental control in .na paaaanger compartmanta of thaie vahiclaa, alao 
examined various methoda of obtainini; the dealred temperature control for 
the battery pack. 

Both conventional and Innovative concepts were considered during the atudv, 
which began bv defining the functional requirements of ECS equipment. 
Following categorization by methodology, technology availability and rlak, 
all viable ECS concepts were evaluated. Each was assessed independently 
for benefits versus risk, as well as for its feasihlllty to short-, 
intermediate- and long-term product development. Selection of the pre- 
ferred concept was made against these requirements, as well as the study's 
major goal of providing safe, highly efficient and thermally confortable 
ECS equipment. A summary of the major studv tasks is presented below. 

F_un_c_t_i_ojT^al_ Requirements Sped f 1 cat ion 

The ECS function is to provide desirable environmental conditions within 
the controlled space (passenger compartment) when the ambient conditions 
take on a wide range of values. Thus, thermal comfort, safety and operator 
efficiency, coupled with an overall effort to minimize energy consumption, 
were key considerations throughout the study task to define ECS functional 
requirements. 

Design criteria for the sizing of appropriate ECS elements were established 
from the following: demand thermal loads; controlled-space and ambient 

temperatures; tine required to reach steady-state operation; relative 
humidity; number of air exchanges; safety (defogging and defrosting); and 
state-of-the-art surveys. The design point conditions for the p.isscnj" » 



eoapartaant iMrc derived from ■atheMtlcel aodtlllnf of the phyeicel, phyeio- 
legieel end peychologlcel proceseee involved In the deterainetloD of thrrwnl 
eoafort. The aodel, beeed on e theruel confort equation developed by 
P.O. Fanger, accounted for: 

o Thcrnal exchange with environaiant 
e Change in etored heat 

e Phyeiological reaponee trlggerinp vaaomotor eechanlBee 
e Effects of blood circulation rate change. 

The following chart repreaants the resulting design point specifications for 
the passenger compartments of electric vehicles; 


Air Exchange > 5 efo/peraon 


Paranaear 

During Heating Saaaon 

During Cooling Saaaon 

Tjj. dry-bulb camp. 

>68*F 

<75*F 

wat-bulb tamp. 

- 

<75*r 

Air velocity 

at Che passenger 

''0.5 macer/sac 

<1.5 meccr/iac 

T , mean radiant temp, 
t&r 

Limit Hoc Specified 


Design point ambient conditions were determined by integrating the weather 
data over the L'.S.A. with the car population density distribution. The 
following philosophy was utilized: "Ambient conditions will be worse than 

design ambient conditions for less than 1% of the time for less than 1' of 
the total car population." The resulting design point specifications are: 


Conditions 

For Heating Season 

For Cooling Season 


-10*F 

100*F 

"w 

- 

74*F 

Air Velocity 

45 mph 

45 mph 

Solar Insolation 

- 

37.6 Btu/hr/ft2 












Duration of onvlronaootol control onothor iaportont paraaotor in datar- 
■Inins tha ECS functional raquirtBonca. Travel acanarioa daplcting typical 
U.S. drivlni pattarna wore constructed in order to establiah the following 
ICS deaig;i load specification: 

o Continuous 17,000 Btu/hr («S kW) 

a 2.5 hours of operation naxlmum (passenger conpartment) 
a 42,500 Btu (naximum) 
a 10 hours of recharging 

e 10 hours >«f unplugged operation for battery temperature controller. 

S. Batte ry Tempera ture Control 

Key objectives in establ ishlng the functional requirements for malnlalninp 
temperature control within the battery compartment were to: 

a Ensure availability 
e Enhance power density 
e Enhance energy density 
a Inc’ease number of life cycles 
e Improve charge/discharge efficiency. 

Specific configurations, which used Insulation to trap the by-produc»^ heat 
available from the batteries, were quantitatively examined. The various 
configurations were selected to see an optimum for volume devoted to insula- 
tion versus heat loss. Only well-established, state-of-the-art materl.ils 
were considered. 

The requirement for rejection of heat from the batteries is straight forw.ir.' . 
In the calculatlonb, the batteries are permitted to reach 130®F and it is 
assumed that cooling air at 100*F is available. With that temperature dif- 
ferential available, the dissipation from lead-acid batteries is within the 
capabil :ty of a small-capacity blower. Thus, the preferred method is to 
employ simple insulation with a small thermostatically controlled blowor th.it 
uses ambient air for cooling. Attention should be given to securing the 
lowest available temperature, avoiding stagnant, under-hood heated air. An 
option of heating the batteries, using garage power when available and 
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battery power whan under way, way ba uaaful for geographic areaa with aa> 
varaly cold conditions. 

The banafita of this approach appear algnificanc. The trade-off of providing 
additional volume to accommodate the insulation has important implications 
to vehic.'e design and battery maintenance. No significant improvement was 
found on this simple configuration. 

I dentification and Ranking of ECS Elements 

Because an electric vehicle is designed to significantly reduce the use of 
petroleum-based fuel, the maintenance of the thermal environment within tne 
passenger compartment should use littxe or no fuel of this type. With this 
goal as a (ecus, over Sn elements for heating and/or cooling of electric 
Vehicle passenger compartments were studied. Key considerations included 
component efficiencies, system COP, system capacity and system weight. Pre- 
liminary calculations were performed to determine each element's viabilitv 
in gross terms such as weight and volume. Resulting data indicated that 
over 30 of these elements were capable of being developed into practical 
subsystems without imposing undue penalties on vehicle weight and propulsion 
energy usage and, hence, on vehicle range and performance. 

3 

For heating, a package weighing less than 60 lb and occupying less than 1 ft 
was identified. This unit provides adequate heating at ambient temperatures 
as low as -lOT and requires no on-board storage of a petroleum-based fuel. 
For combined heating and cooling, a package weighing less than 200 lb and 

3 

occupying less than h ft was identified. Suen a unit also does not require 
on-board storage of g.Tsollne or energy from electric batteries. 

ECS elements were divided into the following categories: 

• Heat pump.s 
a Thermal storage 

t Reversible thermochemlcal reactions. 

Within the heat pump category, various types were considered; e.g., vapor 
compression, absorption cycle, thermoelectric, magnetic and split systems. 
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ThcnMl storag* achaM* undar avaluatlon uaad althar aanalbla haat or 
latant haat of phaaa changa; l.a., aalta» olla, parafflna, aandt liquified 
gaaaa. Ravcralble theraochaalcal reactions vere idantlfied ae having the 
potential for heat atorage xn exceaa of 3000 Btu/lb; hovever* publiahed in- 
fonaatlon la insufficient to enable a feasibility deternlnatlon. 

Zn order to be considered for ranking and possible reconunendation, candidate 
ECS elenents were screened for feasibility; each was required to meet the 
JPL-approved energy usage criteria and performance specifications. Criteria 
upon which each element was ranked included: 

e First cost (25)* 
e System life (5) 
e Range impact ( 10 ) 
e Energy efficiency (5) 
e Storage period (5) 
e Maintenance cost ( 10 ) 
e Performance Impact ( 10 ) 
e Consumer-perceived risk (5) 
a Noise level ( 10 ) 
a Environmental impact (5) 
a Packaging and volume (5) 
a Development status (5). 


Sel ection of Recommen ded ECS Elements 

B';s=d on the results of the ranking exercise, a gasoline-engine-driven 
vapor compression heat pump offers the greatest potential for near-term 
application. This system can readily be used because only state-of-the- 
art product development is required. First costs are low; no daily charging 
is required; and both heating and cooling can be provided with no pre- 
planning. 


For intermediate-term development, a system utilizing water thermal energy 
storage is the preferred configuration. Although this type of system offers 




*Numbers in parentheses indicate weighting factor assigned to each criterion. 
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only a llnltad atorat* pariod* Ita othar functional eharactarlatlca sake it 
a auparior cholca for product davalopnant within the next Chraa to four 
yaara. Such an ECS alaaant raquiraa no on-board uaa of paCrolaun fuel and 
can be effectively applied to both heating and cooling cyclaa. Other ad- 
vantagee include a elnplicity and aimilarity with present autoBobile heating 
ayatetna, low nolae level and a short development period. 

Preliminary calculations Indicate than an aimaonla-water split host pump 
meets all functional requirements in a cost-effective manner; hence, its 
selection as the "best" configuration for long-term development. This 
system, which also can be applied to both heating and cooling cycles, re- 
quires no moving parts on board the vehicle and no on-b(>ard use of petro- 
leum fuel. It offer.s low overall weight, as well as long stor.agi' pirloiis 
that are comparable to gasoline engines. 

In the split heat pump system, the thermodynamic process rates can be 
operated independently. It is thus possible to design the home-base 
equipment to perform the regeneration function over a 24-hour period, 
while the maximum operating time of the vehicle-base equipment is 2 1/2 
hours. This design results in a considerable reduction In the size of 
the home-base equipment, as well as uf the weight carried on hoard the 
vehicle. Furthermore, recharging can be accomplished with a variety of 
energy sources, including electricity, oil, natural gas or even wood. 
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1.0 IWTKODUCTIOy 


The d«v«lopncnt of propuls, Ion systmis for slsctrlc and hybrid vehicles hes 
received considerable attention in the recent past. This davelopaent has 
nov raached a stage where electric vehicles cm satisfy ■ost of the perceived 
needs of an average Aaerlcan family as far as the propulsion requirements 
are concerned. The electric vehicles built so far or chose planned for the 
near future have not addressed the problem of passenger conq>artment envi- 
ronmental control to any significant extent. Most of the serious builders 
of electric vehicles provide a gasoline-fired heater for the passenger com- 
partment. Only recently has prototype development of an electrically or 
gasoline engine operated air conditioner begun at Airco. 

At present, electric vehicles cost far more than cars equipped with I.C. 
engines. Projections for the near future Indicate this trend will continue. 
It is perceived that since the vehicle is expensive and is likely to continue 
to be so, the potential buyer will expect it to be comfortable year round. 

In any event, some minimal environmental control will be required by federal 
end state laws for reasons of safety; for example, defogging and defrosting 
of windshields. 

A straightforward adaptation of the techniques used in vehicles equipped 
with I.C. engines is not possible due to the following differences in the 
propulsion systems between electric vehicles and I.C. engine vehicles: 

1) I.C. engines produce large quantities of heat as a by-product, 
whereas electric vehicle motors generate relatively little 
heat as a by-product. Furthermore, what little heat is gener- 
ated is distributed among components that are located far from 
each other. The temperatures of such heat sources are also not 
very high. 

2) The I.C. engine in present-day cars runs continuously, even 
when the vehicle is not in motion such as at a red traffic 
light, whereas in many conceptual designs, the propulsion 
system of an electric or hybrid vehicle is turned off when 
the vehicle is at rest. 


Thus. n«v approaches are required to address the need for envlronacntal 
control of the passenger conpartoent of electric and hybrid vehicles. 

The environmental control subsystem elements will have aoae impact on the 
performance of other subsystems. Any decrease in range or acceleration of 
an electric vehicle caused by ite ECS will be of great concern as these 
performance factors are already substandard to what we are accustomed to. 

The major objective of this study was to provide a basis for selection and 
to select, for the purpose of potential T^ototype development, those elements 
comprising the Environmental Control Subsystem (ECS) that are best matched 
to the unique characteristics and requirements of electric and hybrid vehi- 
cles. As a result of this study, three candidates were selected to address 
the needs in three different time spans: short (Immediate), mid-term 

(within the next three to four years) and long-term (after five years). 

A program plan Identifying various tasks, cost and schedule for prototype 
development was generated for each of these three systems. 

Apart from the ECS for the passenger compartment, this study addressed the 
need for battery temperature control. The batteries for electric vehicles 
are undergoing major development. Some of them can function at their best 
at temperatures which are different from normally encountered ambient tem- 
peratures. For some battery types, higher than ambient temperature is most 
suitable; others, however, need lowe? temperatures. This study examined 
various methods of obtaining the desired temperature control for the battery 
pack. 

1. 1 Report Orga ni zation 

The work on this study was divided into various subtasks. Detailed reports 
were Issued on these subtasks or groups of subtasks. This report summarizes 
the work presented in those reports. However, for the sake of readv ref- 
erence and completeness, the detailed reports are included here as appendices. 
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2.0 FUNCTIONAL REQUIRPiENTS SPECIFICATION 


As ntv approaches arc required for designing the ECS for electric and hybrid 
vehicles, the first step is to identify the laportant paraaeters and specify 
their values. Figure 1 schcastlcally shows the ECS function: to provide 

desirable envlronaental conditions within the controlled space (passenger 
compartment) when the anbicpt conditions take on a wide range of conditions. 
Literature surveys, as well as personal contacts with people connected with 
ECS's for passenger cars, revealed that no ECS design standards exist with 
the exception of windshield defogglng and defrosting. A review of present 
practice indicated that the ground rules used for selection and design of 
ECS equipment are materially different from those applicable to electric 
vehicles. In the case of electric vehicles, utmost care must be taken to 
minimize the energy requirements for the ECS and also to minimize its weight. 
Significant reductions in thermal loads (and, hence, in energy requirements) 
can be achieved by suitable modification in the vehicle body construction. 
Such modifications will address themselves to reducing heat transfer rates 
from various parts of the body, viz., reducing cracks between doors and hod> 
to reduce unintentional air infiltration, using double thermopane glass for 
glazing, photo-chromic glass to reduce radiation loads, and use of selective 
coatings to explj^it radiation cooling. However, such modifications have 
been considered to be out of the scope of this study. Present practice is 
to design air conditioning equipment to provide for 22,000 to 26,000 Btu/hr 
and 8,000 to 25,000 Btu/hr for heating in the case of a compact size auto- 
mobile. For this study, assuming a thermally well-designed vehicle, cooling 
loads of 17,000 Btu/hr were used as the maximum value for steady-state 
conditions . 

2. 1 Des i gn Conditions for Passenger Compartment 

As it is desired to minimize ECS energy reqirements, it is necessary to 
keep the temperature difference between ambient and the passenger compart- 
ment as small as possible without sacrificing comfort. Thus, the parameters 
that affect thermal comfort were studied. Work on thermal comfort in auto- 
mobiles is scarce in published literature; whatever is published is mostly 
experimental and empirical. However, considerable analytical work has 
been carried out for the home and work environment. A thermal comfort 
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ECS I Controlled 

I Environment 


Figure 1, Scbematic to Show the Function of ECS 
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•quatlon, davclopad by P.O. Pangcr, is buad on nathoaatical aodolling of 
various boat axchangc proeesaas of tht huaan body coupltd with ths phys- 
iological control MchanlSBiB such as vasoMotor rattrlctlona of blood cir- 
culation rata, ate. The criteria for comfort are based on values of 
sttaaurable physiological variables such as heart rate, akin temperature 
and skin wettedness, etc., determined by statistical correlation of results 
of experiments performed on a large number of individuals under carefully 
controlled conditions. The results of the solution of the thermal comfort 
equation are presented in the form of lines of constant comfort in psychro- 
mctrlc charts. One such chart is shown in Figure 2. 

Two design conditions are identified for the environment within the 
passenger compartment. These conditions are based on the fact that people 
wear heav>’ outdoor clothing during winter and light clothing during summer. 
Table 1 shows the parameters and respective values that define the thermal 
environment within the passenger compartment during winter and summer; 
these values are derived from the Fanger thermal comfort charts described 
above. It Is recognized that a straightforward application of these equa- 
tions derived for the home and office environment may involve inaccuracies, 
the major limitation being that the thermal comfort charts are based on an 
assumption of steady-state conditions, whereas transient effects play an 
Important role in dally commuter car travel. 

2 .2 Design Ambient Conditions 

The range of values of parameters that define ambient conditions (as far 
as the thermal load on the ECS is concerned) would be very large if the 
ECS design provided for the worst possible conditions over the continental 
U.S.A. Such an approach would result in an unduly large ECS for most con- 
sumers. Therefore, "design ambient conditions" were determined based on 
the following philosophy: "Ambient conditions will be worse than design 

ambient conditions for less than IX of the time for less than IX of the 
total car population." 
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Figure 2. Lines of Comforr for Medium Clothing 
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TABLE 1 


DESIGN POINT SPECIFICATIONS 
PASSENGER COMPARTMENT 


Air Exchange 5 cfm/perton 

Parameter 

During Heating Season 

During Coolinc Season 

T^, dry-bulb temp. 

•68*F 

175*F 

T , wet-bulb temp, 
w 

- 

^75*F 

Air velocity at the 
passenger 

<0. 5 meter/pec 

*'"1 . ^ meter 

T 

Limit Not 

Specified 

mr 










Tabic 2 ahova the paraactcra and their valuee for "design anbiant coodltiona" 
for auaner and winter. These values were detemined by intagrating the 
weather data over the U.S.A. approxinately weighted by the ear population 
density distribution. The details of the calculation procedure arc pre- 
aented in Appendix A. 

2.3 Duration of Environmental Control 

Vehicles must carry all the energy required on board. As the energy density 
of various energy storing devices is rather small, it is important to 
minimize the ECS on-board energy requirement so as not to impair mission 
profile. Batteries of many electric vehicles last only about two to three 
hours of driving before being totally discharged. Thus, It is clearly not 
necessary to carry energy for environmental control for a considerably 
longer period. In order to determine a more probable duration of environ- 
mental control, including the effect of events such as stopping at traffic 
lights, etc., typical travel scenarios were constructed for going to work 
and back, shopping and other chores, etc. These scenarios were based on a 
recent study that derived average U.S. driving patterns by surveying a 
large number of families. The results of these travel scenarios and other 
contractual requirements are shown in Table 3. The design value for the 
required duration of environmental control is taken to be 2.5 hours pei- 
vehicle charge/discharge cycle for this study. Table 3 shows that a more 
moderate value of 0.8 hours is adequate for most people’s needs. The 
details of constructing travel scenarios are given In Appendix B. 

Design Load Specifi cations 

Table 4 shov.’s the load specifications as determined from the above exercise. 
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3 .0 IDEtfriFIC ^ . «OW OF ICS ILP t llffS 


3.1 Introduction 

EnvlronMntal control of cho pMocngor coapartMnt of oloctrie vohlcloo 
roqulros both hotting and cooling aubayataaa. Bacauao an alectrlc vahiclo 
la daolgnad to olgnlficmtly reduce the uce of petroleun-baaed fuel, the 
■alntenance of the thernal enviromicnt within peeaenger comparttnent 
ehould uae little or no fuel of thle type. With thie goal as a focue, a 
variety of heating and air conditioning elenente, which uae a variety of 
energy aourcer, are identified. In moat caaaa, it is aasunad that the 
energy carriers will be recharged at home during the period in which the 
propulsion batteries are being charged. Figure 3 achematically aunmarizes 
the various components in tlie ECS of an electric vehicle. 

3 ..En ergy S torage 

Environmental control of the electric vehicle requires an adequate amount 
of energy on board the vehicle in aome aultable form. Utilization of this 
energy at an appropriate rate then provides the desired heating and cooling. 

Fundamentally, heat can be added or removed in two ways. The first method 
is addition /removal of heat in the form of heat itself. In this case, the 
amount of energy required to be stored is equal to or greater than the quan- 
tity of heat to be supplied/removed. 1.) the second method, total added/ 
removed heat is partly in th*- form o'" heat and partly In the form of work. 
Since the atmosphere may be used as a source/sink of heat, only the work 
component needs to be stored. Becaise most of the energv Is obtained from 
the atmosphere, the work component represents only a fraction of the total 
energy requirement. However, unless the work can be stored in the ♦‘orm of 
potential energy, significant losses are bound to occur in converting any 
other form of energy, such as chemical or heat, to work. Thus, the ad- 
vantage of a redired energy storage requirement will be attenuated to a 
certain extent. 

Energy can be stored in the form of heat (at high temperature for heating 
and at low temperature for cooling) or some other form such as chemical or 
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potmtlAl. Vhra raArgy la stored directly lo the form of host, no energy 
conversion Is required, and no converelon-eseoclated losses occur. However, 
e certain aaount of heat energy Is bound to escape during the storage node. 
The extent of the lose depends on the tenpereture differential between the 
storage and airi>lent tenperaturee , and on the level of insulation. When 
energy is stored in eons other form, it nust be converted to either heat 
end/or work. This conversion requires equipment and results in an energy 
loss that can be utilised only in the heating node to a sstell degree. In 
the storage mode, however, energy losses are insignificant. 

The length of storage time is limited by the form of energy storage used. 
Thus, for energy stored in the form of heat, storage time is on the order 
of only a few hours, unless elaborate Insulation techniques are utilized. 

By using electric batteries, storage time can be extended to a few days. 

With gasoline, the storage time is unlimited. 

3.3 Energy Source 

The source of energy avnllshle presents another dimension to the selection 
of the appropriate scheme for the electric vehicle ECS. Energy could be 
obtained from private residences in the form of electricity, natural gas, 
heating oil or waste heat, and from service stations in the form of gasoline, 
propane, etc. Delivery of liquid hydrogen, nitrogen, oxygen or air from a 
suitable source is also conceivable. Furthermore, ice, dry Ice (solid form 
of CO 2 ) or liquid ammonia could constitute suitable sources of energy. 

J.iA Categori es of EC S Elements 

The various ECS elements considered can be divided into three general cate- 
gories: 

a Heat Pumps (2.0)* 
a Thermal Storage (3.0)* 

a Reversible Thermo-Chemical Reactions (3.0)* 


*Thfc numbers in parentheses show the section numbers of Appendix C in which 
these categories are discussed In detail. 
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3.4.x B««t Puapt 


Various typos of heat puaps ware consldorod In this study as follovs: 

a Vapor-cooq>rosslon boat puaps drlvsn by a lasollne angina 
or alactric aotor (2.1)* 

a Thamal engine heat pumps (2.2)* 

a Absorption-cycle heat pumps (2.3)* 

a Thermoelectric heat pumps (2.4)* 

a Magnetic heat pumps (2.5)* 

a Spilt heat pumps (2.6)* 

In the first five systems, the complete heat pump hardware Is on board 
the vehicle. The energy required to run the heat pump Is also stored on 
board In electric batteries or petroleum-based fuel. 

The last system, the split heat pump. Is a novel design in which the refrige 
ant loop Is split Into two parts. An adequate quantity of refrigerant In 
state 1 is stored on the vehicle. When heat pumping Is performed, this 
refrigerant passes to state 2 and Is also stored on the vehicle. 

In a conventional heat pump, the equipment that converts the refrigerant 
from state 2 to state 1 is part of the heat pump itself. In the split 
heiit pump system, this equipment is not carried on board the vehicle but is 
kept, for Instance, in a garage. Thus, when the vehicle's propulsion 
batteries £>re being recharged, the used refrigerant In state 2 is delivered 
to the other stationary half of the heat pump cycle equipment for recon- 
ditioning to state 1. Then, the refrigerant in state 1 Is again stored on 
the vehicle. 

3. 4.2 _ Th e rma 1_ Storage 

Two types of thermal storage were considered: hlgh-temperature thermal 

storage and lov-temperature thermal storage. Hlgh-temperature thermal 

*The numbers In parentheses show the section numbers of Appendix C in 
which these categories are discussed In detail. 


•toragt lyattM act at haat aourcas froai which haat can ba aatraetad for 
hoating the vahicla. Lov-tanparature thtmal atoraga ayatana can ba uaad 
aa haat alnka to which haat can ba rajactad fron tha hot onvlroonont for 
cooling. Boat aourcaa and ainka can ba claaaifiad aa aithar aanaibla haat 
or latent haat (of phaae change), depending upon tha aachanian anployad for 
rejecting or abaorbing haat. 

If energy ia added or renoved in thamal fora for the purpoaa of environ- 
mental control, the energy can be low grade in the aenae that It does not 
have to be capable of delivering ahaft work. Thus, from a storage point 
of view, only two parameters are of great significance, viz., gravimetric 
energy density and volumetric energy density. Table 5 shows the values of 
these two parameters for a variety of electric vehicle batteries. Many 
thermal storage schemes are identified that exceed the energy densities of 
batteries by orders of magnitude. Even relatively simple and readi}y 
available materials result in schemes that surpass energy densities of the 
batteries . 

Thermal storage schemes were identified using: 

• Sensible heat storage 

• Latent heat of phase change. 

Realization of practical schemes utilizing high energy densities depends on 
the temperature of storage, heat transfer problems and insulation problems. 
These systems are presented in further detail in Section 3.0 of Appendix C. 

3 .4.3 Reversible T hermo-Chem ical Reac tions 

Certain chemical reactions have a property that when the reaction proceeds 
in one direction, say from state A to state B, heat Is liberated (exothermic 
reaction) and the components of state B can be made to react with one 
another in a different set of conditions, resulting in products of state A. 
In many cases, the reaction from B to A requires heat to be supplied to 
the reactants. The materials for these chemical reactions, therefore, can 
be used as energy storage devices. Further, as the products in state B of 
reaction from state A to state B are not discharged out of the system, tlu 
same materials can be used over and over again many times. 


TABLE 5 


ENERGY DENSITIES FOR VARIOUS BATTERIES 


Storage 

Type 

1 

1 

1 

1 

1 

Gravunetrlc 
Energy Density 
(Btu/lb) 

i 

1 Volumetric 

1 Energy Density 

1 (Btu/ft^) 

1 

Lead-Acid Batteries 
Present 

1 

1 

1 

1 

1 

54 

1 

1 

1 

1 5,600 

1 

Advanced 

1 

1 

1 

77 

1 

1 8,700 

1 

Ni-2n Batteries 

Present 

1 

1 

1 

1 

108 

1 

1 

1 11,100 
1 

Advanced 

1 

1 

1 

130 

1 

1 14,500 

1 

t 


Xn eht flald of solar ansrgy rosssrch, «any raaetiont havt boon Idontlfiod 
that have energy dcnsitlea of thousands of Btu/lb sod, thus, nay provide a 
basis for conpact electric vehicle ECS denigns. Novever, this field of 
study has received attention only recently and Infonatlon presently availa- 
ble In published literature is inadequate to aake engineering decisions. 
Sactlon 4.0 of Appendix C deals with this topic in further detail. 
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4.0 PROCESS OP 8IL1CTIOH OF BCS 


4.1 Eli«ln«tion of Iiupproprlatt ECS El«—nt« 

Many alaaanta for providing hoating and/or cooling art idantlfiad and 
daacribad in Appandix C. Many of these have been clininatad fron further 
conaideration aa they are judged not to have potential :^r developaient to 
a practical achene. The rcaaona for elinlnating any particular clencnt are 
aone conbinationa of the following: 

1) Too expensive (above $1000) 

2) Too heavy (above 500 lb) 

3) Too bulky (over 10 cubic ft) 

4) Too complex 

5) Unacceptably high safety hazard 

6) Not enough information available to enable 
determination of various trade-offs. 

In case (6), significantly more work will be required to obtain the 
necessary information. Such work is outside the scope of this contract. 

The elimination process is shown in Table 6. After elimination, 14 element 
appeared to have sufficient merit to warrant their inclusion Jn the ranking 
scheme. 


4.2 Ranking 

The 14 selected elements were then ranked in three categories: 

1) Applicable to heating only 

2) Applicable to cooling only 

3) Applicable to both heating and cooling. 

The ranking was based on a scheme in which each system was given a score. 
This score was computed by a weighted sum of marks given to the system for 
various criteria. The weighting factors represent the relative Importance 
of various criteria with respect to the overall selection process. The 
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BLIMINATION PIOCBBS 


lch«M 


rs> Mo. u 

NTI MltS) 


Avallcbla 


AvatUkU 


kloccr Ic •Mttof&rkvili 

IMC 


Gaael laa-taftaa'Drloao 
laat Pwa 

2*20 

MT! IlMt^ActlvitRd 
N«at futtp 

2-23 

Akaorption Cycl* Haat 

2-26 

Thtrmoalfctric Htat 
fuap 

2-3? 

Localiitd Thormoaltctrlc 

2>A1 

Thtr«otI«ctrlc/StorA|t 

Conblnaclon 

2-42 

Magntclv Heat Puap 

2-42 

Water. L:Br 

2-43 

Aanonia Uatar 

:-5C 

Water 

3-1 

LiOH 

3-7 

SaOH 

3-7 

ur 

3-7 

NaOH-NaNO^ 

3-13 

K.,CCj-N*.COj-UjCoj 

3-20,21 

LtjCOj 

3-21 

Sodlu!^ Sulfite Dacahv- 
dratc 'Glauber 'i Salt) 

3-21 

Polvethvlene Pelltr* 

3-23 

Other Thaae-chanee 
Salts, Table 3-9 

3-25 

Liquified Gaaee 

3-2o 

Paraffine 

3-28 

Organic Oils, Table 3-lC 

3-30 

Sand 

3-33 

Compressed Air 

3-37 

Anasoniatec Salts 

— 1 

Reversible Therwo- 
chcmical Reactions* 
Table --2 

4*«. 

Reversible Thermo- 
chettical Reactlone* 
Table «*3 

4-3 

NljLaH^ 

4-6 

FeTlK^ 

••-6 


4-10 


ftaaarl^ 

iUmk%t Ma 
fra* Taat) 

t 

1.2 

t 


(LTD) R 


C 

2,3 

E 

1.2 - 
battery 

(LTD) R 


E 

1 

t 

1.: 

R 


R 


R 


R 


R 


R 


R 


R 


R 


E 

2 

E 


E 

2 

E 

1.4*3 

E 

3.2 

R 


E 

2,1 

E 

3 

E 

6 

E 

3 

E 

3,6 

E 

6 

E 

•> 

A 

(LTD) R 



R-Rti»intd f--r Furthtr Ccntldtratlon; aTO)R»R#t«lnad Du* to Lon|-T*r* D*v*ioptt*nt 

Condition* 


“*ttb • -IC*F 

V#hlcl« SpGCf T**p. • 75*F 


HoAt Rate • I'^.OOC Bcu/hr 

Totil Quantity of Haat Added or Rcraoveo 


•*2,50u atu 


20 









I 


Mrk» tivM to • •ystra for any givon crltorlon roproaont tho dogrot of 
"goodntsa" of that ayatOB for chat particular criterion in conpariaon with 
the ayateB uaad aa a baaalina rafarance ayacan. Tha baaaiina rafaranca 
oyataa ia taken aa a gaaolina angina driven heat puap. 

Tha criteria and the aaaociatad weighting factora (ahown in Table 7) ware 
derived from a consenaua of opinion of MTI englneera aaaoclated with thia 
project. All criteria and weighting i«ctora were approved by JPL. The 
reasoning for these factors is discussed in detail in Appendix D. 

The marks given for any aystam for various criteria were arrived at by the 
following process. First, a schematic of the complete system was prepared 
which consists of all the components required for providing environmental 
control starting from energy sources available in the home, to providing 
hot or cold air within the passenger compartment. Estimates were then 
made of the cost, parasitic power required and the weight of each of the 
components . 

Using these numbers, marks were computed for various criteria. For some 
criteria such as noise, marks were assigned only from judgement, while for 
other criteria such as range impact, a definite algorithm was available to 
compute the marks starting from the information about the ECS weight. 

In case of storage period criterion, three systems inherently have a long 
period of the order of months, while for all the thermal storage schemes, 
the period of storage is dependent on the extent of the insulation provided 
on the storage device. Thus, for thermal storage schemes, the system cost 
and sli-e is determined by assuming a storage period of 10 hours of out-of- 
home operation. 

Table 8 summarizes the manner in which marks for various criteria were 
obtained. The detailed information is available in Appendix E. 
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TAJLE 7 

CRITERIA ACT ASSOCIATED WEIGHTING FACTORS 


Crif rion 


C«pictl Cote Chartcctrlteict: 

1. First Cost 

2. SyictD Lift 

'.'st Chtrtcttriscics: 

3 . R«ng« Imptce 

<*. Entrgy Efflcltncy 

5. Seortgt Ptriod 

6. Mtinctinanct Cote 

7. PtrfoniAnet Impact 

Environmtnttl and Saftcy Characctristics: 

8. Contumar Ptrctption of Saftty 

9. Systaa Noisa 

10. Ochar Envlronmantal Impacts 
Davalopmanc and Manufacturing Characctristics: 

11. East of Packaging and Volume 

12. Davalopmanc Cycle Through Commercialization 


TOTAL 


Waithtini 


25 

S 


10 

5 

5 

IS 


5 

10 

5 




MesoMBAa 

a 

t>sC0lk*«ftAfi9 
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Factor 'V 



TABLE 8 


SUMHAKY or SYSTEM OITERIA RAHKIHC PROCESS 


Criterion 

Degree of Uncertainty of the 
Marks For Each Syeten 

First Cost 

1 

Systen Life 

2 

Range Impact 

1 

Energy Efficiency 

1 

Storage Period 

1 

Maintenance Cost 

2 

Performance Impact 

1 

Consumer-Perceived Risk 

3 

Noise 

1.5 

Environmental Impact 

3 

Packaging and Volume 

2.5 

Development Status 

2.0 


0 Calculated from precise system design. 

1 Calculated from engineering data 

(engineering data are subject to variability due to personal preferences). 

2 Engineering Judgment based on engineering characteristics. 

3 Judgment based on perceived socio-economic view of national goals. 
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Iubjteti<rlty !• built into th« •ntira raaklnt procM*. Tbit eowu at thr«« 
dlffarrat l«v«l«: 

1) lalactlBg th» erltaria 

2) Aaaiguint vtlghtlog factors to tha crltarla 

3) Aaalgnlng aarks for any aystau for a glvan eritarion. 

Of thaaa Itaua, 3) ia laaat prons to aubjactlvlty aa it antara aalnly into 
the ehoiea of a apaclfle ranking algorithn froa tha anglnaarlng data. The 
vary nature and scope of this study nakea It lapractical to perfom detailed 
engineering calculations. Thus, a certain asiount of Judgenant la Involved 
In arriving at the engineering data such aa coat, weight, etc. It la thus 
possible to arrive at very different sets of conclusions by persons with 
different perceptions as to the overall national or other socio-economic 
objectives. 

4.3 Results of Ranking and Reconanendatlona 

The results of the ranking exercise are shown In Table 9. Based on these 
results, the following reconunendatlons are tsade. 

For heating only: 

Thermal storage with water. 

For cooling only: 

Li-Br-water split heat pump 

For both heating and cooling; 

1) Near-term development: Gasoline engine-driven 

heat pump 

2) Intermediate-tenTi development: Thermal storage 

with water 

3) Long-range development: Aqua-Ansnonia split heat 


TABLE 9 


BESULTS or RANKING SYSTBK 


.Syieto Typt 

Syttmi 

Score 


Thenoal Storage with 
Water 

240 


Aqua-Arunonia Split 


Both 

Heat Pump Syatem 

195 

Heating and 



Cooling 

MTI Heat-Act Ivatad 
Heat Pump 

136 


Gu so 1 ine-Engi "le-Dr iven 
Hear. Pump 

100 


Thermal Storage with 
Water 

377 


Thermal Storage with 

KjCOj-NajCOj-LijCOj 

208 

Heating Only 

Thermal Storage with 
LijCOj 

208 


Thermal Storage with 
Organic Oil 

198 


Thermal Storage with 
LiOH 

195 

Cooling Only 

LiBr-Water Split Heat 
Pump 

213 


"*r 
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5.0 DEscmmoii of ticomaiDiD nireu 


5.1 A—pnla-Wafr tplit yuw?> 

B«alc«lly this is • eonvMtloMl absorptlon-typ* h«at puap. Th« Mjor 
■Ddlflcatlon it that the total abtorption cyclt it tplit into two tubayatatat. 
Ont of tht aubiyattat of the cyclt la located on board the vohlcla and the 
rttt of the cooponanta to coaplatc tht cycle arc located at the hoac baae. 
Thus different proccaaaa in the complete cycle arc performed in different 
locatlona and at different tlmea. Specifically, the rcfrlterant expanaion 
and abaorption proccaact are carried out on board the vehicle, while the 
regeneration of aimnonla from the weak aolution ia carried out in the home 
baae equipment. The proceaa ia ahown achematlcally in Figure 4. Figure 
5a ahovs a schematic arrangement of the ayatem in the heating mode. Moving 
the baffles to another location makes it possible to use the system for 
cooling. Figure 3b shows the system in the cooling ntode. 

As the system is split in two subsystema, the rates of thermodynamic pro- 
Cicsaes in the two subsystems can be independent of each other. It is thus 
possible to design the home baae equipment to perform the regeneration 
function over a 24-hour period, while the maximum time of operation of the 
vehicle-based equipment Is 2-1/2 hours. This results in a considerable re- 
duction in the size of home base equipment. Moreover, splitting enables 
a minitnizatlon of the equipment and thus the weight carried on board the 
vehicle . 


Preliminary calculations provide the following information about the system: 


• On-board-the-vehlcle equipment: 

- Weight 

- Volume 

- Heat transfer rate 

- Total quantity of heat transfer 


316 lb 

6.8 cubic feet 
17,000 Btu/hr 
42.500 Btu 
$365 


Cost 





Split Heat Pump System 



Insulation 


High'Prcssurc 
Liquid Ammonia 


Expansion Valve 

' Disconnect for 
Charging 



y- Heat Exchanger in 
/ Passenger Compartment 


mnin 


Ambient 
Temperature ■ 
Heat Exchanger 

Low-Pressure 

Water 


Disconnect for 
Charging 



•1392 


Figure 4. 



Split Heat Pump System 



Heating Mode Cooling Mode 










• Boac-baee •qulpaant : 


- Maxlmua heat transfer rate 
> Coat 

The salient points about the systsD are: 

Benefits 

a No Bovlng parts on board the vehicle 

a No on-board use of petroleum fuel 

a Long storage periods of similar order of the 
system with gasoline engine 

a Very little noise 

a Low overall weight on board the vehicle 
a Applicable to both heating and cooling. 

Dra wbacks 

a Longer development period 
a Perceived safety aspect. 

Thermal .S^rage Wit h Water 

In this system, thermal energy is stored in water. For the heating season, 
water is heated to 250"F in a pressurized container resulting in a storage 
density of 150 Btu/lb of heat. This assumes that useful heat can be ex- 
tracted until the temperature of water falls to 100®F to maintain the 
passenger compartment temperature of bS^F in winter. For the cooling 
season, water acts as a low-temperature heat sink. An energy storage 
density of 150 Btu/lb is obtained by letting the water freeze. This assumes 
that heat can b>- rejected to the low-temperature heat sink until the water 
temperature rises to AO'T to maintain the passenger compartment temperature 
at 75"?. 

In order to take care of expansion during freezing and also heat transfer 
from passenger compartment to ice during frozen state, purr water is en- 
closed in many elastomer balls. I'hese halls are then kept in a t.ink 


700 Btu/hr 
$361 


I 


\ 


\ 


eontalnlnt water with antlfraaca Ilka athalyna glycol. Hia water with 
antlfraaaa la uaad aa a heat tranafer fluid and la circulated through the 
fluid to air heat exchangers located In the passenger coapartaant. Ap- 
propriate containers are adequately Insulated to Halt heat loaa to SZ of 
the total atored energy over a period of 10 hours. 


The thermal storage is charged overnight by circulating the water with 
antifreeze from the vehicle tank, through a reconditioning plant located 
In the home base. Such a reconditioning plant consists of a small freezer/ 
refrigerator and a tank with an immersion heater. A schematic of the 
system Is shown In Figure 6. 


Preliminary calculations result in tlie following information: 


a On-board-the-vehlcle equipment: 

- Weight (Including water) 

- Volume 

- Parasitic power 

- Heat transfer rate 

- Maximum heat transferred 

- Cost 


333 lb 

5 cubic ft 
365 W 

17,000 Btu/hr 
42,500 Btu 
$300 


e Garage Equipment 

- Heat transfer rate (24-hr basis) 700 Btu/hr 

- Cost $350 


The pros and cons of this system are as follows: 
Pros 

a No on-board use of petroleum fuel 
a Very little noise 

a Applicable to both heating and cooling 

e Simplicity and similarity with present 
automobile heating systems 

e Short development period. 
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Thermal Storage System 



Figure 6. 
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Com 


• Llaltod otorogo ptrlod 

• Copoblt of providing hooting or cooling only on 
ft glvon dftlly charge. 

5.3 Cftoollno -Engine -Driven (Vapor Conprcoolon) Heat Pump 

For the noar-tem application, this oyoton has o potential for the least 
development period and cost. It is used as a reference system for compara- 
tive evaluation of various other achemea. 

Figure 7 shows a schematic layout of the system. In winter, much of the 
energy content of the exhaust gases is made available to the passenger 
compartment by heating the evaporator with the exhaust gases. A simple 
movement of the damper is used to change from heating mode to cooling mode. 

Preliminary calculations show the following information about the system: 
e Weight 175 lb 

e Cost $750 

Benefits and disadvantages of this system are as follows: 

Benefits 

e Only state-of-the-art product development required 
s No dally charging necessary 

• Capable of providing either heating or cooling without 
any preplanning. 

Disadvantages 

s Use of on-board petroleum fuel 
s Noise 

s Hazardous fumes 
s Maintenance. 


Mctsanieaa 
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Engine-Driven Heat Pump 



Figure 7. 
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ABSTUCT 


TIm tptclf icaclon for dtalgn point conditions for dtslgnlng EnvlrooMntal 
Control SystoB (ECS) clcMnts has baan darlvad tc ainlalsa anargy eonauEp- 
tlon without aacrlflclng comfort. 

Tha rationale for darivlng valuaa of various parimatars dafinlng conditions 
In tha passangtr compartmctnt is basad on tha usa of nathamatical modalllng of 
physical, physiological and psychological procassas involvad in tha datar- 
oination of comfort. 

Tha rationale for deriving design point specification for ambient conditions 
is based on a suitable modification for vehicular application of the logic 
used in the ECS design for buildings. 

INTRODUCTION 

Since the energy stored on board electric vehicles is small, the energy 
demand for any purpose other chan propulsion must be as low as possible, 
lest the vehicle range, which is already small, become even smaller. In 
the design of ECS equipment for current automobiles, the range penalty does 
not become a consideration due to the large range between refuelling stops 
and to the quick refuelling period of a few minutes as compared to a few 
hours for electric vehicles. Thus, the duplication of the practice of ECS 
equipment design used in current automobiles is not prudent for application 
to electric vehicles. (See Tables 1 and 2.) Therefore, Mechanical Tech- 
nology Incorporated (MTI) studied various means of reducing the heating and 
cooling loads. The study focussed on the objectives of providing ECS equip- 
ment for electric vehicles. In order of priority, these objectives are: 

s Safety 

s Driver operation of the vehicle with maximum efficiency for 
accident avoidance 

e Thermal comfort to occupants. 
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TAILE 1 

MTI SUKVEY U8ULTS OF CUmiiT ICS DE8ICM PRACTICE FOK AWOHOilLES* 


* Aabianc Condition* (*/c) 

Drvoful^ iMip. 

W*t-?ulb Trap. 

Rolaciv* "unidity (RH) 

* Xn*ld* Condition* (*/c) 
Stoady Scat* 

Dry-^'ulb Tanp. 

RH 

Air Race (fraah air 
and racirculaced air) 

Air Exchange Race 
(fresh air only) 

Cooldown 

Initial Temp. 

20 minutes 

* Capacicy (a/c) 

* C.O.P. (a/c) 

* Fuel Race (a/c) 

* Weight (a^c) 

* Heating 

Ambient Conditions 
Dry-Bulb Temp. 
Inside Condition 
Capacity 

(Steady State) 
(Quick Heat) 

Time to Warm Up 
40*F 
75“F 


*No mandatory standards exist for ECS 
for windshield defogging, defrosting 


ioo*~iio*r 

70*~ 75*r 

30 402 


75*F 

Not specified 
100 <—^200 c£m 
10 — 200 cfm 

140' ~143’F 
76*-^-»86*F 

22.000 ••26,000 Btu/hr 
(6. 4 5 •♦7, 61 kW) 

1.8 

1 gal/hr 
90 -»-100 lb 

-10'- ^ 2°F 
75'F 

8.000 —25,000 Btu/hr 

(2.35 —*7.31 kW) 

up to 50,000 Btu/hr 
(14.6 kW) 

10 minutes 
25 minutes 

design for present automobiles excui t 
,nd glazim; transmission. 


TABLE 2 


IMPLICATIONS OF INFORMATION* ON ELECTRIC VEHICLE APPLICATION 


At Design Polnct 

• For a/c, about 2 battaries (Ni>Zn) of 60 Ib each 
requirad par hour of oparatlon 

a For haating, about 1.8 battariai (Ni-Zn) of 60 lb aach 
requirad par hour of operation 

Supporting calculations needed. 


*Taken from Table 1 
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INtItCY CONSUMPTION FOK THCTM^O. COHFOItT TUDE-OFr STUDY 


RtUtlvtly Iltclt inforueion !• »vallablt in cht publlthtd lltnrneur* about 
eharaetorlslni thtroal comfort cauM-offoet ralaeionahip in tha eaaa of auto- 
■obilta. Only two papara hava baan found which addraaa thia topic. 

Hevavar, axtanaiva raaaarch haa baan parformad in this fiald in tha caaa of 
buildinga, and aubatantlal information it available in tha publiahad litara- 
tura. 

Soma work hat baan racantly dona in tha thermal comfort field to consider 
modifications in tha space conditioning practice to reduce energy consump- 
tion. The reaearch work examines • among other factors, human physiological 
responses for various activity levels, various clothing insulation levels, 
and effects of seasonal acclimatization. The research utilizes mathematical 
models of physical and physiological processes, and an axtensive experimental 
data base of a statistical nature on the actual subjective feeling of thermal 
confort of a large number of individuals under various environmental con- 
ditions. 

As energy conservation in space conditioning is of utmost importance in the 
case of electric vehicles, this work was examined to provide a rational basis 
for determining functional requirement specifications for ECS for the 
passenger compartment. These specifications would be consistent with the 
objective of providing thermal comfort with a minimum of energy consumption. 

A review of this study is presented in brief in the following section. 

NUMERICAL EVALUATION OF THE STATE-OF-COMFORT FROM PHYSIOLOGICAL AND PHYSICAL 
PRINCIPLES 

Thermal discomfort is expressed by descriptive words such as hot or cold and 
is associated with an index which historically was considered to be synony- 
mous with dry-bulb temperature of surrounding air. As more understanding 
was gained, the importance of wet-bulb temperature, air movement and radia- 
tion was gradually recognized. 

♦Numbers in brackets indicate references which can be found at the end 
of this report. 
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with tvary addle loiul factor, acCMipta tfart aada to ■aincais alaplit iey in 
eha concape of ‘'camparacuro" aa an Indicator of tharaal coafort or tha lack 
of it. Various indieat or "affactlva taaparaeuras" wara daflnad, which 
coabiaad tha af facts of eha four anvironaantal factors (dry-bulh taaparatura, 
wat'bulb taaparatura, air valocity and radiation) which affoct tha dagraa 
of tharaal comfort. Tha daflnielons of soaa of thasa indicas ara givan in 
tha ASHRAE Handbook of 1977 Fundamantsls . Chaptar 8, pp. S. 16-8. 18. 

Tha tubjacc of thermal comfort racantly has baan studiad from a ratioral 
approach. In auch an approach, a physically roaasurablc dafinitlon of com- 
fort is naadad. Obtaining this dafinitlon is not a simple task dua to the 
fact chat the feeling of comfort is an integrated effect of a variety of 
social, psychological and physiological perceptions. The proposed ASHRAE 
standard 53-'^ R for "Thermal Environmental Conditions for Human Occupancy" 
defines "thermal comfort" as chat condition of mind which expresses satis- 
faction with the thermal environment. 

Experimental data on a vast number of individuals indicate that the feeling 
of thermal comfort has a strong correlation with certain quantifiable and 
measurable physiological state variables (responses). 

A partial list of these variables and their values during the state-of- 
comfort for most individuals is given in Table 3. This information has been 
adopted from Goldman [3]. Any departure in the state soace from these value 
points represents a degree of discomfort. The extent of discomfort can be 
assigned a numerical value by the distance (a suitably defined metric) 
of the point from the point of comfort. 

Numerical evaluation of the degree of comfort then reduces to first deter- 
mining actual values of these state variables under any given conditions, and 
then computing the above-referred discomfort metric. The resulting numerical 
value will determine the extent of the "feeling of comfort." Determination 
of the values of state variables can be accomplished by mathematical model- 
ling of the heat transfer processes between the body and the environment, and 
of the pny siological processes involved in the thermoregulatory mechanisms or 


TABLE 3 * 


STATE-Or»COMFORT VALUES FOR MOST INDIVIDUALS 


PARAMETERS 

COMFORT 

Mean Weighted Skin 


Temp, (f^) 

33.3 *C 

% Wet Skin 

t 20% 

T 

finger 

; 20*C 

toe 

s 18.5'C 

Deep Body Temp. 


<"re> 

37 ± 0.5 “C 

Change of Body Heat Content (AS) 

0 Kcal 

% H 2 O LOSS 

0% 

WORK 

100 kcal/hr 

Heart Rate (HR) 

60 - 80 /min 


where : 


T • 

finger 

temperature 

of 

the 

tips 

of 

the 

fingers 

T 

toe 

temperature 

of 

the 

tips 

of 

the 

toes 


*Adapted from Goldman [3]. 


HATHEMATICAL MODEL FOR EVALUATION OF PHYSIOLOGICAL KZSPOIISES 


On* ntthcaatic*! aodal u**d by Axtr *c *L [4] It in eh* £on* of • diff*r*n- 
ei«l *qu«cion, and h*nc* can be u**d to dacermln* eh* axtanc of eoaforc 
durlni translanc*. The •■■cnclal* of chii nodal ara: 

a Tha body producaa naac by the combustion of food. This haac 
rat* is calltd mteabolic rate, and is a function of th* laval 
of activity and other physiological factors. 

e The heat produced must be dissipated to the ambient through 
heat "ransfer processes to maintain the body temperature and 
the values of certain other physiological state variables 
within narrow limits. 

The rates of heat transfer are governed by; 

e Environmental conditions giving rise to different rates of 
convection, conduction, radiation and evaporative heat 
transfer 

e Clothing insulation 

e Physiological responses resulting in modification of skin 
conductance by blood flow regulation and/or rates of 
secretions by the sweat glands. 

The environmental conditions affecting heat transfer processes can be com- 
pletely characterized by: 

T - dry-bulb temperature of air 

T - wet-bulb temperature of air 

w 

T ■ mean radiant temperature of the surroundings defined 
IDt 

in the AS 'iFlAE Handbook of 1977 Fundamentals 

V - air velocity. 

The effect of clothing on the heat transfer processes is rather complex. 
However, this effect is assumed to be represented by a single factor, 
which has dimensions of thermal resistance. 
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Th« flow dlagrARi of Figurt 1 thovs tht tchaMCic of the logic in Che dcvclor- 

woe of Che model. This model shows that the physiological responses are 

Che dependent variables, and are funccions of six independenc variables (T , 

a 

V, 1^^Q> and m). The variable m Is the race of heat generation 
within the body due to mecabolic activity. For transient conditions, time, 

C, is one more Independenc variable. The following equation can then be 
wrlccsn: 


C ■ C (P ) 
m m n 


(n 


F (T , T , T , V, ^ t) 

n a w tnr clo 


{ 2 ) 


wnere 


" vector of physiological response state variables 

C • metric of comfort, 
m 


Combining the above two equations, the following can be written: 
FI maw mr cio 


( 3 ^ 


EQUATION F OR C0V.F0R7 AN P IT S 'HTICA L SOLU TIONS 
For condition of optimal comfort. 


Hence , 

m a w mr clo 

represents an eqiiaticn or comfort. 


In steady state, 


0 * ^u* 

m a w mr cio 


(5 


This equation represents an equation for a surface in the six-dimensional 
space of the six independent variables. A similar equation used by Funger 15 
is known as .he Fanger Comfort Equation. In the electric vehicle applica- 
tion, the passengers ran he considered as sedentary, and hence, 
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s 
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Fig. 1 Schematic of the Model for Numerical 

Evaluation of Extent of Thermal Comfort 
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2 

ID ■ 58.2 watcs/aacar . 


Thus, Equation (5) is nodiflad to 


» ■ ».• V- *• 'clo> 

with five indepeiidant variables. 


( 6 ) 


The solution of Equation (6) can be graphically represented as lines of 
comfort shovm in Figure 2. Here, the procedure for plotting the line of 
comfort is as follows. 


Equation (6) is inverted to obtain: 


T - T (T , T , V, 1 
V w a mr clo 


Further constraints are introduced: 


T • T 
a mr 


and 


I , • 0. 5 clo , 

clo 


Thus, Equation (7) reduces to 


T ■ T '(T , V’). 
w w a 


V is now assigned a specific value, as; 
V • 1.5 meters 'sec. 


( 7 ^ 


(3) 


Hence, Equation (8) reduces to 

T ■ T '^(T U (?^ 

w w a 

Thus, the line shown on the map of T , T in Figure 2 for v • 1.5 meter sec 

W 3 

is a plot of Equation (9). Similar lines are drawn for different values for 
the velocity. 

Following the line for v • 1.5 meter/sec, the effect of relative humidity on 
thermal comfort is shown. With 0% relative humid itv, a condition of thermal 
confort exists at T « 85.5®F. Whereas, when relative humiditv increases to 

3 
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Fig. 2 Lines of Comfort for Light Clothing 
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1 

I lOOX, ch« v«lu« of nMds co be raducod Co 82*F. A alailar affacc of high 

ralacivt humidity in raduclng for charmal comfort can bt aaan at othar 
I air valoclclaa. 

I 

I Tha affacc of air velocity can be teen by following cha Una of lOOX relative 

humidity. At essentially standscill air, the T needs co be reduced to 76”F. 

a 

although it can be as high as 62*F whan air velocity is 1.5 metar/sec. 

Figure 3 shows similar curves for a different level of clothing insulation. 

A comparison of the curves from Figures 2 and 3 shows that Che wearing of a 
business suit requires the to be reduced to Tl’F for standstill air and 
lOOX humidity, whereas with light, shirt-sleeve clothing, the T can be as 
high as 76‘F for the sane levels of air velocity and relative humidity. 

Figure shows the effect of mean radiant temperature. Following the line 
of standstill air shows that needs to be reduced 5“F for every 10“F 
rise in T 

mr 

Figures 2, 3 and i are called "Generalized Comfort Charts of Fanger" and are 
reproduced from the .ASHPAE Handbook of 1977 Fundamentals , pp 8.25 and 8.26. 

The utility of this approach in reducing cooling loads is realized when a 
comparison is made between extreme conditions of wearing a business suit 
■ 1), standstill air, lOOS RH with a of 71‘*F. and wearing light 
clothing ■ 0.5), air velocity of 1.5 meter/sec and 100% RH with a 

of 82®F. The total temperature difference is 11®F. If outside air is 
assumed to be at 95®F, 607^ RH, the reduction in cooling load required to 
cool fresh air is seen from the following table; 


a 

RH(7.) 

Enthalpy 

(Etu'lb of drv air) 

Cooling Required 
(Btu/lb of dry air) 

95 

60 

47. 121 

0 

s: 

100 

45.90 

1.221 

71 

100 

34.95 

12.171 
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Thus, siaply through cht vssrlng of llghtsr cloths* snd th* circulation of 
sir. tht cooling load inpossd by the admission of frssh sir can bs rsducsd 
by a factor of 10. 

FACTORS NOT CONSIDERED IM THE FaNGER CHARTS 

The described treactnenc has considered Che gross problem of thermal comfort. 
The following factors, which affect the feeling of thermal comfort, are not 
considered . 

Localized Cooling or Heating 

The model assumes that clothing is uniformly distributed over the body, which 
is rarelv the case. Also, the radiation load due to the sun would be highly 
localized in the case of a passenger in a vehicle. This radiation will pro- 
duce a feeling of discomfort for the part of the body exposed, even if the 
body as a whole is in thermal comfort. Localized cooling of selected areas 
of the body where thermal receptors are located could result in a feeling of 
comfort at insisnif icant power requirements. This problem has been addressed 
by Temming et al. [1] of Volkswagenwerk. However, inadequate experimental 
data does not justify, at present, the inclusion of this information in 
the functional requirement specifications for the ECS. 

Transient Effects 

The usage pattern of an electric vehicle is expected to be many short trios 

of short duration (on the order of ten minutes). In fact, total time for 

which the car can be driven before the batteries are fully discharged is on 

the order of two to three hours. Thus, the steady-state comfort equation is 
of limited value in the studv of electric vehicles. 

A modification of the comfort equation to incorporate the time effect can be 
based on a model from Azer et al.(*:.]. However, various authorities have 
pointed out j lack of correlation in the predictions of comfort with experi- 
mental data during transient conditions lasting less than 10-20 minutes. 

Since only the steady-state modelling results can be relied on for information 
at tne present time, more research is “equired to incorporate the effect o: 
t ime. 
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AIK EXCHAWCE CONSIDERATIONS 


lo cht currtnt automobllt ECS practiet. aora chan 4CS of cha thanul load la 
praaantad by cha infllcraclon of oucalda air aichar coaint in chrough cracka 
and laaka or incancionally incroducad by blowara. A aignificanc raduccion 
in chia load la poaaibla if cha anounc of fraah air incaka la raducad co a 
mlniata. Tha purpoaaa of fraah air incake are: 

a To provide an adaquaca aupply of oxygen for breaching and for 
any combuatlon caking placo vichln Cha pasaangar comparcnanc . 

a To keep CO^ concencracion Co a aafe, low level by removing 
exhaled CO^ 

a To remove any hazardous fumes leaking into Che passenger 
compartment 

a To remove undesirable odors, such as body odors, smoking, etc. 


Relatively insignificant volumes of fresh air are required co satisfy the 
first two considerations. Hutchinson [6] states chat 3.3 hours is the time 
limit before breaching becomes difficult for one person in a sealed environ- 
ment of 100 cu ft due cc Che reduction of oxygen and cha increase of CO.,. 

To quote Hutchinson, 


"This fact is even more clearly recognized when one realizes 
that a single occupant could be sealed in an airtight box of 
10 feet by 10 feet by 10 feet for a week before loss of con- 
ciousness would be expected from oxygen deficiency. This same 
problem can be approached from, a different point of view by 
assuming chat it is desired to supply only sufficient outside 
air to an occupied enclosure to prevent the carbon dioxide con- 
centration from exceeding 2 per cent. In order for equilibrium 
to exist, the volume of carbon dioxide introduced into the room 
in the incoming ventilation air plus the volume produced by the 
occupant r* sc be equal to the volume of carbon dioxide leaving 
the room in the discharged air during the same time interval. 

Bv caking 1 hr as the time interval, Che above balance gives 
i.-r CO2] 

Volume in * volume produced ■ volume discharged" 


HtCHAir % 


Now. undor otandord atBoophorlc conditiona, tha followini facta art notad: 

1. Aaount of CO 2 In fraah air la 0.0003 eu ft par cu ft of 
fraah air. 

2. Tha rata of CO 2 production par paraon la 0.6 cu ft/hr. 

3. Brtathlng bacoaaa difficult whan tha anount of CO 2 axcaada 
0.02 cu ft par cu ft of air. 


To datcmlna the rata of fraah air that needs to be auppliad to an enclosed 
space to prevent breathing difficulty due to excessive CO 2 buildup, lac: 

• rate of volume of fresh air in (cu ft/hr) 


''in CO, 
V 

P CO, 
''d CO2 


■ race of volume of CO 2 coming in with the fresh 
air (cu ft/hr) 

■ rate of volume of CO 2 produced by Che occupants 
(cu ft /hr) 

■ race of volume of CO 2 discharged (cu fc/hr) 


N ■ number of occupants. 


Using these facts, 


in CO, 


0.0003 V 


in 


P CO, 


0.6 N 


and 


Vj <0.02 V, 
d CO, - in 


(neglecting small changes in the volume of discharge air due 
to the generation of CO,) 


Hence, in steady state 

V 4- V < V 

in CO, P CO, - d CO, 

^ ^ 

0.0003 V, 0.6 N ^ 0.02 V. 

in in 


^ wgoiMj«c«a 
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M«ne« , 


''in - 0.02 - 0.0003 

(i.*., 30.4 eu fc/ptrton*hr) . 

3 

Thus. «n air tKchangt of 0.5 ft /nlnuct/paraon la all chat la rtqulrtd to 
aaclafy cht first two conaidaratlona. 

In alactric vthiclct, no hazardous fumas art |cntractd dut to Cht optraclon 
of cht vthiclt icstlf. Howtvtr. if ECS tltmtncs ucUizt fuel combustion, 
such gasts and fumtt will bt gtntrattd. Cart will have to bt taken to keep 
the fumes out of the passenger compartment either by making the compartment 
gas-tight or by ventilation. 

Odor removal can be accomplished by dilution, masking, adsorption, or 
absorption. No mandatory requirements exist for automobile air exchange. 

The ASHRAE standard 62-73 for Natural and Mechanical Ventilation for volume 
of air intake will be used as follows: 

e For electric vehicles utilizing ECS elements which will not 
result in any hazardous fumes or gases - 5 f c^/min/person 

e For electric vehicles utilizing ECS elements which may 
result in the generation of hazardous fumes or gases - 
15 f t 'min/person 

e For hybrid vehicles - 15 ft^/min/person. 

AMBIENT CONDITION DESIGN POINT SPECIFICATION 

The size and weight of the ECS is determined by the difference in conditions 
it has to produce between the ambient and the controlled space. The desir- 
able conditions in the controlled space are relatively constant. However, 
the ambient conditions vary over a wide limit. 

DETER-XINATION OF DESIGN DRY-BULB TEMPERATURE 

In the case of ECS design for buildings, the design-point, dry-bulb tempera- 
ture and coincident wet-bulb temperature are selected in such a wav that 
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ch« rttultMt htae5.n| and eoollnt loada wtu ba ascaadad laaa than a eartaln 
niMibar of hours in wlntar and aunBar» raapaetlvaly . For anaapla, eha AfWUE 
Handbook of 1977 Fundaaantala . Chapear 23* haa thia tanparatura infonaclon 
on nora than 1000 locaclona la tha U.S.A. for thraa diffaranc nuBbara of 
houra: SX* 2.5X, and IX of total houra In vlntar and auanar* tinea tha 

location la flxad In a building application, only local waathar data atatia* 
tlca naad to ba eonaldarad. In an auconobila applleaclon, diffaranc aixa 
unlca for diffaranc h naciona could ba eonaldarad co baccar nacch tha charaal 
loada with aquipnanc > «paclcy. Hovavar* for cht purpoaaa of chia acudy. 
only ont ECS la eonaldarad appllcabla all ovar cha U.S.A. Thus, cha aama 
logic muac ba uaad aa for cha buildings , axeape chat eha efface of diffaranc 
locations in cha parcantlla calculations muac ba Incagracad. 

Tha algorithm for deciding dasign dry-bulb tamparaeure ia aa follows: 

Lac 

P^i ■ population of cars in location i 

A ■ dry-bulb caaperatura which will ba axcaadad for %X 
X t * 

of cha hours in a givan saaaon at location i 
Tha car population percantaga at location i can ba detarmin«d by: 


whare 


N ■ number of locations in the data. 


The car population percentage below certain temperature conditions is ob- 
tained by cumulative sums, as follows: 


Q (6) . 

' !■! 


-18 



«b«rt 


• 0 vhtn ® <6 

i Xt - 

• 1 wh*. ' , > ® 


• total pcrctncagc of cart which will axptricncc tanpara- 
turat hlfhar than 6 for of houra in aunmer. 


Waathar data [7] are rtcordad at particular locationa through cloa and cannot 

ba maanlngfully avaragad to rapraaant a larga araa tuch at a tcaca. 

Waathar ttaciontt of can locattd at airportt, art ganarally attumad to ba 

rapratantacivt of the naaraac city. Since ear regiatration tcacittict [81 

by city arc not diraccly available, it it attuned in the calculationt that 

per capita car regiatration for any city it not tignif icantly different fror. 

par capita regittrat iont for chat entire ttate. P the population of cara 

cx 

in location i fron page 18, it calculated for the 25 largatt atandard metro* 
politan atacitcical treat (SMSA't) in the U.S. at follovt: 


P 


cl 


population of (SMSA)^ x 


/cart regittarad in ttata(t) N 
y population of ttatc(t) / 


In the case of three SMSA't, more than one ttate was used to calculate par 
capita registration (portion of formula enclosed by parentheses). The al 
population of all 25 SMSA't considered it 347# of^the total U.S. population; 
the total of all calculated car registrations P^^) it ' all regis- 

trations nationwide. Figure 5 shows the plots for \ ■ 1, 2.5 and 5. 


DESIGN POINT SELECTION FOR AIR VELOCir; AND SOLAR P A DIATION 
The ambient conditions of importance for heat load calculations are: 
T - dry-bulb temperature 

o 

T^ - wet bulb temperature 
V - air velocity 

I - solar radiation (direct, diffuse and reflected). 
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Cara (Z) Car* (J) 



man 


(a) For Summer 



(Amhi^nl Hrv-IViin’ Trwr*# rn f ur# . “T) 


WM 


(b) For Winter 


Note ; Curves are based on climatic data and car population 
statistics for 23 largest metropolitan areas in U.S.A. 


Fig. 5 Percentage of Cars Experiencing Temperatures 
Higher Than Tg for x% of Hours 
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In th* CAM of autonobllno. tho air valoclty of japortanca la tha ralatlvc 
valoclty craacad by tha car 'a own notion. Hanca, tha daalgn valua for this 
factor la taken as 45 nph (SA£ J277 - D cycla top spaad) . 

As Che alactrlc vahicla Is consldarad to be oparable at all tlaws of the 
year and any tlma during tha day, wha aalactad daalgn valua of solar radia- 
tion should presenc a maxinum load on the ECS. Thus, during tha heating 
season, the benefit from solar radiation will be assunad to be zero. During 
tha cooling season, the design value for solar radiation should be selected 
so that it will not be exceeded for 991 of tha car population in the U.S.A. 
These calculations are made on similar lines as for the determination of 
dry-bulb and wet-bulb temperatures. Figure 6 shows the plot of percentage 
of cars for which a certain level of solar radiation will be exceeded in a 
year. 

DESIGN POINT : 1 ECIFI CA TION FOR PASSENGER COMPARTMENT 

Based on the considerations for the various environmental parameters, such 
as dry- and wet-bulb temperatures, air velocity, and solar radiation, the 
ECS will be sized to provide the following conditions in the passengsr com- 
partment . 


Air Exchange > 5 cfm/person 

Parameter 

During Heating Season 

During Cooling Season 

T^, dry-bulb temp. 

>68*F 

A 

.J 

o 

, wet-bulb temp. 

- 

<75'r 

Air velocity 

•'0.5 mfeter/sec 

<1-5 meter sec 

at the passenger 

J 


T 

Limit Not Specified 

mr 


1 


In the case of innovative solutions, the specification will refer to Fanger's 
generalized comfort charts, or comfort will be computed from the mathematical 
model of Azer, whichever is appropriate. 
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Percent 





ORIQINM; RAQit lii 
(W KMM 


SELECTED DESIGN POIHT SPECIFICATIOIIS FOR AMBIENT CONDITIOWS 

Eattd on ch« dtsign point •poclficatlon for tho patoongor coopartaont atudy. 
tha following condltlona ara aalactad aa tha daalgn point for airing ECS. 


Conditions 

For Hssting Season 

For Cooling Season 


-10*F 

100 *F 

T 

w 

- 

74 *F 

V 

45 mph 

45 mph 

Solar Insolation 

- 

326 Btu/hr/ft2 
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IWTKODUCTION 


Tha raqulrtBant for th« ocanarloo used to chit study art rttlltclc sample 
miasions In which tha vahielaa with and without ECS't ara tismlatad. The 
acaaarios also provide for axarelslng the slnulav.ion over tha parformance 
capability of the vehicle and meat the practical requlramanta for computa- 
tional simplicity. 

METHODOLOGY 

References [1] and [2] have been identified at the end of this report. 

They catalog and interpret the travel behavior of American households. 

They are used to provide the factual basis for the travel scenarios used 
in this report. The following pages summarize material abstracted from 
the references. 

a 8.9 hours pec week average - is devoted to travel 

24.7* - work associated travel 
22.5!!^ - leisure activity associated travel 
20.2% - shopping associated travel 
20.2% - personal travel 

12.4% - other non-work travel including educational, 
organizational, social leisure 

a Work-associated travel, in averaged terms of travel 
time, stop time, and number of scops, is different 
from other travel activities 



DURATION OF 

STOP TIME 


TRIP SEGMENT 

AFTER 1st SEGMENT 

work associated travel 

22 minutes 

326 minutes 

all non-work travel 

18 minutes 

24 minutes 


e Distribution of personal automobile-driven-distance to 
work has a mean of 9.0 miles and 7.6 percentile for 25 
O'* more miles. 
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k r«qulr«i«nc tat by th« contract for this otudy it that ona of the acanarloa 
vlll ba 65 rapatltlona of tha SAE 227a - D drivlni cycla. Thla 65-cycla 
acanarlo doBanda total travel tiae of 131 slnutae, maxiaua apaada of 72 ion/hr 
(45 nph) and acceleration froa 0 to 72 loa/hr in 28 aaconda. Thia acanario 
providaa data with nodarata apaada and aoph^aia on apaad changaa. It haa cha 
iaportanc banaflt that there ic a large data base of aimulatlng tha "U Cycle" 
for compariaon. 

The "work aaaoclated" scenario and tha "shopping and all other non-work 
associated" scenario are designed to consider portions of the vehicle operating 
map that arc not encompassed by the SAE 227a - D cycle and that are reasonable 
for the designated activity. The scenarios are also chosen to be practical 
in limiting the analytical effort and are, therefore, made simple. 

Care was taken to Justify the duration of the scenarios The energy expended 
for conditioning of the EV environment is determined most strongly by the time 
span that the vehicle is occupied (for any ambient conditions). 

WORK-ASSOCIATED TRAVEL SCENARIO 

The references indicate that the time for travel to work is less variable than 
the distance driven to work. That is, the shorter distances are driven more 
slowly than the longer distances. The average trip duration was used with 
higher- and lower-than-average driving speeds to exercise the high- anil low- 
speed portion of the vehicle operating map for this study, and to have travel 
time and distance travelled be realistic. See Table 1. 


SHOPPING- AND OTHER-THAN-WORK-ASSOCIATED TRAVEL SCENARIO 

This scenario characterizes the remainder of the vehicle operating spectrum. 
The references indicate that the previous scenarios have not covered the 
less brief, mult isegmented trips at moderate speeds. The elapsed time 
reasonably models the references. See Table 2. 
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TABLE 1 


WOMC^ASSOCIATED TEAVEL SCEHARIO 


Tltt«»S»cond« 


V«hicl« Sp*«d - tai/hr 


0 

0 

15 

40 

1,035 

40 

1,050 

88 

1,290 

88 

1,320 

0 

parked 


20,880 

0 

20,910 

40 

21,930 

40 

22,170 

88 

22,200 

88 

•nd 

0 





MCOMOAAfW 




iS2&I 

( 0 ) 
(25) 
(25) 
(55) 
(55) 
( 0 ) 

( 0 ) 
(25) 
(25) 
(55) 
(55) 
( 0 ) 


TAILE 2 


SHOPPING- AKD OTHEI»T1UN-W01K-AS50CUTZD TtAVEL SCPIAtlO 


Tiat-S«cond« V «hlcl« Sd»« 4 - Ka/hr (aph) 


Drive 


0 * 0 

16 56 

160 56 

176 0 


180 ^repeat five more timet 0 


( 0 ) 
(35) 
(35) 
( 0 ) 
( 0 ) 


Stop 

5 1,080 

0 


L 2,520 

0 


r 2,538 

56 

Drive 

\ 2,680 

56 



1 2,696 

0 


\ 2,700 *repeat 

five more times 0 


( 0 ) 
( 0 ) 
(35) 
(35) 
( 0 ) 
( 0 ) 



ICTtlAIY 


Th« travtl 0c«n«rlot usftd for tht uiolyois in this study lisvs ths following 
ehsrsctsrlstlcs: 


SCENARIO 


SAB 227s - 
D Cycls 

rspsscsd 65 tiass 


Workrslstsd 

crsvol 


Shopping snd 
ochsr non -work 
rslaccd cravcl 


Maxlaua Spasd - km/hr (mph) 

72 

(45) 

88 

(55) 

56 

(35) 

Acceleration 







from 0 to — - lon/hr (mph) 

72 

(45) 

88 

(55) 

56 

(35) 

in — seconds 

28 


40 


12 


Distanct par trip segment- 
km (miles) 

1.5 

(0.9) 

18 

(11) 

2.5 

(1.6) 

Number of Segments 

65 


2 


12 


Total Distance km (miles) 

97 

(60) 

36 

(22) 

30 

(19) 

Total Driving Time - minutes 

105 


A4 


35 


Parking Tine - minutes 

0 


325 


24 
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ABSTRACT 


Th« raport contained harain provides a daacription of the vork eoaplacad 
for Tasks 3 and 4 of the Electric Hybrid Vehicles Cnvironnental Control 
Subsystem Study under the Jet Propulsion Laboratory Contract No. 955662. 
The work involved in theae tasks comprised the identification and descrip- 
cion of environmental control subsystems for electric vehicle passenger 
compartments. Over 40 different heating and cooling schemes are presented 
Including preliminary calculations used to determine their feasibility. 

The discussion contains descriptions of subsystem characteristics, oper- 
ating procedures, material storage methods, and sources of energy. The 
major parameters in the preliminary calculations include subsystem sizing 
and cost. 

Many schemes appear to be attractive. For heating, a package less chan 
60 lb in weight and smaller chan 1 cubic foot will be adequate to provide 
all Che heating required without on-board storage of a petroleum-based 
fuel. Combined heating and cooling can be provided by a package as small 
as 200 lb and 6 ft^, again requiring no gasoline or energy from electric 
batteries on board the vehicle. Determination of the most suitable sub- 
systems will be established in future casks. 
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1.0 INTRODUCTION 


EnvironoMntal control of tht patacngtr coapcrciwnc of oltctric Tohiclci re- 
qulros both haatlng and cooling aubayatcaa. Bacauaa an alactrlc vahlclc la 
daalgnad to algnlflcantly raduca tha uaa of patrolaun-baaad fual, tha tharmal 
anvironoant within tha paaaangar compartnant ahould uaa llttla or no fual of 
thla typa. With this goal aa a focua, thla raport baa Idantlfled ana dascrlbed 
a variaty of haatlng and air conditioning nathoda which utlllza clactrlclty. 
(Some achamaa can uaa fual oil or natural gaa aa wall.) In moat caaaa, it la 
assumed that the energy carriers will be recharged at home during the period 
In which Che propulsion batteries are being charged. Figure 1-1 schematically 
summarizes the various components in the environmental control system (ECS) 
of an electric vehicle. 

The materials and operating systems identified in the report are described 
in terms of their weight, volume, and cost. These factors become signifi- 
cant at a later stage of analysis when efficiency and range penalties are 
being evaluated. Since this study has the nature of a screening study, 
only preliminary calculations are carried out to determine the feasibility 
of each syctem. The calculations Indicate that some of the systems are 
promising, while others are clearly Impractical. Because no attempt has 
been made to arrive at a specific configuration, the design of ancillary 
components such as blowers and duct work is not included. More detailed 
calculations and specific ECS designs will be made in future tasks of 
this program. 

1.1 System S i z n g 

The considered systems must be sized to a given set of performance specifi- 
cations in order to assess their relative merits. Some of the parameters and 
their values for performance specifications, which are reproduced in Table 1-1, 
were derived in an earlier report (1)*. In addition to these parameters, two 
others have to be specified: duration of environmental control and thermal 

load. 


*Numbers in bracket? indicate Referei.ces found at the end oi tliis report. 
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TilBLE 1-1 


DESIGN POINT SPECIFICATIONS 


PASSENGER COMPARTMENT 


Air Exchangt > 5 cfm/ptrton 

Paramtctr 

During Heating Season 

During Cooling Season 

dry-bulb t«mp. 


<75*r 

T , wet-bulb temp, 
w 

• 

<75*F 

Air velocity «t Che 



passenger 

<0. 5 meter/sec 

<1.5 meter/ser 

T 

Limit Not 

Specified 

mr 




AMBIENT CONDITIONS 


Conditions 

For Heating Season 

For rcpllne Season 

T 

-10“F 

lOO’F 

i 



T 

.I. 

74“F 

w 



V 

4 5 mph 

45 moh 

Solar Insolation 

- 

326 Btu/ hr-ft‘ 





















1.1.1 Duftlon of Envlronatnfl Control 

ActachMnc A of chc ttudy contract [2] apaclflaa that tha vahicla la provided 
vlth 18 battarlaa, aach providing 1 kWh of dalivarabla anargy. tha Ganaral 
Elactrlc Conpany (CE), undar a contract fron tha U.S. Dapartaant of Energy, 
haa built an alactrlc vahlelt which haa tha aaaa nuabar of battarlaa, and 
approxlaataly tha aama charactarlatlcs aa apaclflad In Attachaant D of this 
contract. Tha eharactarlatlca of tha CE vahicla will ba uaad In this study. 
Table 1>2 shows the data on tha range of this vahicla as given In Rafarance 3. 

Table 1-2 shows tha actual driving time undar various conditions computed 

from the range data. 

Ir. an earlier report [4], Mechanical Technology Incorporated (MTi) developed 
probable-use scenarios for an electric vehicle. This report included the 
requirements specified on page 2 of Attachment B, "Functional Requirements" 
of Che contract [2] for 65 repeats of the Jet Propulsion Laborarory (JPL) 
version of the SA£ J227a Schedule D driving cycle. Actual driving times for 
these various scenarios are reproduced In Table 1-3. 

A conclusion that can be reached from Table 1-3 is that for the most probable 
use of an electric vehicle, environmental control needs to ba provided only 
for about one hour. For the most probable pattern of driving, viz. Table 1-2, 

SAE J227a Schedule D driving cycle, batteries will run out within 2.6 hours 

of driving. Thus, providing environmental conditioning for more than 2.6 hours 
is unnecessary, as the ECS can ba recharged during the same period the propul- 
sion batteries are being techargad. As the duration of environmental condi- 
tioning has a profound influence on the viability of some of the schemes 
considered, two sets of calculations will be considered, one for a one-hour 
duration and the other for a 2.5-hour duration. 

Ij 1.2 Thermal Load 

Thermal load i.«; defined as a function of the design point specifications 
given in Table 1-1 and of the structural design of the vehicle. Ruth (5) 
has shown that significant reductions, up to 50X, are possible in cooling 
loads in sunjmer through minor design changes. Various sources (5, 6, 7) 


TABLE 1-2 


ACTUAL DBIVIIIC PERIODS UNDEK VAKIOUS DRIVIMC COWDITIOHS 
FOB GENERAL ELECTRIC VEHICLE ETV-1 


Cycle 

Two Occupants 
300 lb Payload 

Four Occupants 
600 lb Payload 


Range 
(mi lea) 

Driving 

Period 

(hours) 

Range 

(miles) 

Driving 

Period 

(hours) 

35 mph constant 
speed 


3.5 

117 

3.35 

45 mph constant 
speed 

102 

2.27 

97 

2.16 

SAE J227a Schedule 
D Driving Cycle 

75 

2.6 

69 

2.39 
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table l-J 

ACTUAL DRIVING TIMES FOR VABIOUS TBAVEL 5CENAKIM 


Sctnarlo 

Driving Tiaa 


(houra) 

SAE J227a, D Cvcl« 
Repaactd 65 Tlmts 

1.75 

Work-Rtlactd 

Travel 

0.734 

Shopping and Other 
Non-vork-related Travel 

0.584 


WtDMMAi 
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havt ua«d dlfftrmt valiMt for cht cooling loado, varying bocvoon 10,000 
and 20,000 Btu/hr for conpacc cara. Slallar variability axlata In tha boat* 
Ing loads during vlncar. 

During tha suanar, tha cooling load consists of solar, eonductlva, convactiva, 
huaan, and Inscrunant loads. Tha ralativa valuas of thaso factors hava 
boon astimatod by Ruth [5) and ara raproducad in Tabla 1«4. During vlncar, 
tha folar load is nagstlva, but to allow for night conditions, this load 
is considarad co ba zaro. Tha hunan load it also nagstlva. Tha conduc- 
civa and convacciva load ara two to chraa citnas highar than in sumDor, 
dua to cha highar tenparstura dlffarancial that has to ba naintainad batwaan 
the anblanc and tha passangar compartment. Tharafora, cha rata at which 
heat needs to be added during winter can be considarad co be approximately 
equal to the rate at which heat needs to be removed during summer. 

Various systems will ba sized to provide a heat race of l'’,000 Btu/hr (5 kW) 
both in winter and in summer. Thus, the total quancicy of heat that needs 
CO be removed or added is givan as: 

s For one hour - 17,000 Btu 
a For 2.5 hours - 42.500 Bcu. 

1.2 Energy Storage 

Environmental control of the electric vehicle requires an adequate amount of 
energy on board the vehicle in some suitable form. Utilization of this 
energy at an appropriate rate then provides the desired heating and cooling. 

Fundamentally, heat can be added or removed in twe ly! The first method 
is addition, 'removal of heat in the form of h«'«t itself. In this case, the 
amount of energy required to be stored is eq or greater than the 

quantity of heat that needs to be supplied/. t In the second method, 

total added/removed heat is partly in the form of heat and partly in the 
form of work. Since the atmosphere may be used as a source/slnk of heat, 
only the work component needs to be stored. Ber-uae moat of the energy 



TABLE 1-A 


BREAKDOWN OF COOLING LOAD 


Load 

Value 

(Btu/hr) 

Percent of 
Total Load 

Solar 

4470 

34.6 

Conductive 

1770 

13.8 

Fresh Air 

5400 

42.0 

Passenger 

1000 

7.8 

Instrument 

200 

1.6 

Total 

12,840 

100 


From Reference 5 


c 
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la obtalnad fro* tha aeaoaphara, tha vork eoaponant rapraaanta 0&I7 a frac- 
tion of tha total anargy raquiraaant. Howavar, unlaaa tha vork can ba atorad 
In tha for* of potantlal anargy, algnif leant loaaaa ara bound to occur in 
convartlng any oehar fora of anargy. auch aa chanlcal or haat, to vork. Thua, 
tha advantage of a reduced energy atoraga raqulranant vlll ba attenuated 
to a certain extant. 

Energy can ba atorad In tha fora of haat (at high tamparatura for heating and 
at low tamparatura for cooling) or aoma other fora auch aa chemical or po- 
tential. When energy ia atorad directly in the form of heat, no energy con- 
veralon la rcqulrad, and no converslon-aaaoclatad loaaaa occur. Howaver, a 
certain amount of heat energy la bound to eacape during the atorage mode. 

The extent of the loss depends on the temperature differential between the 
storage and ambient temperatures, and on the level of Insulation. When 
energy- is stored in some other form. It has to be converted to either heat 
and/or work. This conversion requires equipment and results in an energy 
loss which can be utilized only in the heating mode to a small degree. In 
the storage mode, however, energy losses are insignificant. 

The length of storage time la limited by the form of energy storage used. 

Thus, for energy stored in the form of heat, storage time is on the order 
of only a few hours, unless elaborate insulation techniques are utilized. 

By using electric batteries, atorage time can be extended to a few days. 

With gasoline, a atorage time of weeks and even months is possible. 

1.3 Energy Source 

The source of energy available presents another dimension to the selection 
of the appropriate scheme for the electric vehicle ECS. Energy could be 
obtained from private residences in the form of electricity, natural gas, 
heating oil or waste heat, and from service stations in the form of gasoline, 
propane, etc. Delivery of liquid hydrogen, nitrogen, oxygen or air from a 
suitable source is also conceivable. Futhermore, ice, dry Ice (solid form 
of CO 2 ) or liquid ammonia could constitute suitable sources of energy. 
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An ovt. riding factor in cha aalaction of a auicabla anargy aourea la ralaead 
to tha and product aftar rha utilization of tha anargy on board tha vahicla. 
Tha and product can aithar ba atorad on tha vahicla and raprocaaaad by a 
auitabla tachniqua aftar dalivary to a raprocaaaing plant, or it can be ra- 
laaaad to tha atmoaphara. Tha firat approach ia claarly tha aora attractiva 
froB a local anvironmantal conaidaration, but the total anvironaancal inpacc 
vuat ba kept in parapactiva. 

1.4 Categoriaa of ECS Elamanta 

The various ECS elements conaldarad can be divided into three general 
catefries. These categories and their respective report section numbers 
are follows: 

a Heat Pumps - Section 2.0 
a Thermal Storage - Section 3.0 

a Reversible Thermochemical Reactions - Section 4.0 
Within these categories, specific ECS elements are defined and described. 
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2.0 HEAT PUMPS 


Vaxloui dlfftrtnc typat of boat puapt vara eonsidartd in ehla aeudy. Tha 
haat puapt daaerlbad, and chair co' raaponding aubaaction nuabara art aa 
f ollova : 

a Vapor-compraaaion haat putapa drivan by a gaaolina angina or 
alaecric motor - 2.1 

a Tharmal angina haac puapa >2.2 

a Abaorpcion-cycle heat pumpa - 2.3 

a Thermoelaccric heat pumpa ■* 2.4 

a Magnetic heat pumpa * 2.5 

a Split heat pumps - 2.6 

In the first five systems, the complete heat pump hardware ia on board the 
vehicle. The energy required to run the heat pump is also stored on board 
as electric batteries or petroleum-based fuel. 

The last system considered, the split heat pump, is a novel design in which 
the refrigerant loop is split into two parts. 4n adequate quantity of re- 
frigerant in state 1 is stored on the vehicle. When heat pumping is per- 
formed, this refrigerant passes to state 2 and is also stored on the vehicle. 

In a conventional heat pump, the equipment which converts the refrigerant 
from state 2 to state 1 is part of the heat pump itself. In the split heat 
pump system, this equipment is not carried on board the vehicle but is kept, 
for instance, in a garage. Thus, when the vehicle's propulsion batteries 
are being recharged, the used refrigerant in state 2 is delivered to the 
other stationary half of the heat pump cycle equipment for reconditioning 
to state 1. Then, the refrigerant in state 1 is again stored on the vehicle. 

2.1 Vapor-Compression Heat Pumps 

Tl’iis section describes a brief study of the current automotive air-conditioning 
or heat-pump systems. By blowing the conditioning air over either the con- 
denser or the evaporator, the ‘.'eating effect or the cooling effect is derived. 



Cyclt caleulAClons ar* carrlad out for varioua aabltoc taaparaturaa. Coa> 
praaaor Moa flow capacity dapandanca on praaaura ratio at<d aabiant tanptra* 
eura ia dataralnad. Crapha ara drawn for tha ayataa parforaanca paraaetars: 
capacity and COP. A briaf aatiaatlor ' coats and waignta is praaantad. 

2. 3.1 Basic Heat Puap Cyclo 

The systaa comprises a coaprasaor, a condenser, an expansion valve, and 
an evaporator. Figure 2~1 shows a schematic diagram of the system. Freon 
vapor at a saturated state or slightly superheated state is compressed in 
the compressor. The compressed vapor is cooled and condensed in a condenser. 
The state of the fluid leaving the condenser is saturated or slightly sub- 
cooled liquid. From this state, the fluid undergoes a throttling process 
in the expansion valve. The low-pressure fluid is now in the mixture region 
and enters the evaporator. In the evaporator, the fluid receives heat and 
evaporates before admission to the compressor to recommence the cycle. 

Figure 2-2 shows the operation of the cycle on a temperature-entropy diagram 
(T-S) while Figure 2-3 shows the cycle on a pressure-enthalpy diagram (P-h'>. 

Working fluids, such as the Freons; R-11, R-12, R-502, R-22, R-500, are 
used in heat pump systems. The following discussion will be, however, 
limited to R-12 which is commonly used in automobile systems. 

A heat pump operates in the heating or the cooling mode. For this study, 
vehicle (compartment) temperatures of 68 ®F for winter and 75®F for summer 
are set. The ambient temperature is assumed to vary from -10“F to 65®F in 
winter and from 75*F io 100®F in summer. The range 68®F to 75®F is a 
"dead-band" when the heat pump is not required to operate. 

2.1.2 Heating Opera t ion 

Figure 2*-4 shows a typical ill .stration of an operating cycle in the heating 
mode. For this example, an ambient teroperatu.'e of 0*F is chosen. Heat 
transfer rate is a function of the heat exchanger design parameters and the 
temperature difference across the evaporator. Olviously, smaller temperature 
differences increase the evaporator (heat exchanger) size and vice versa. 
Thus, the ambient temperature and the AT decide the evaporator temperature. 
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Fig. 2-1 Schematic Diagram of a Heat Pump 
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For the ehoecD working eubetenee, chie eeapereturt fixes en evaporator 
preaaure (l>e., the eaturatlon preaaure corresponding to the evaporator 
taoperature) . 

Conpreasor suction pre^?urs is slightly lower than the evaperator prcssurt 
due to pressure losses in the connecting lln«s and the suction valves. The 
vapor is compressed and is delivered to the condenser, which is placed in 
the condit ; /ned space (coopartaent) . The required condenser pressure and 
the pressure losses in the lines and delivery valve determine the compressor 
discharge pressure. The vapor is condensed and heat is transferred to the 
compartment. Once again, the heat tranafer rate is a function of AT and 
the heat exchanger design parameters. The condenser temperature is the 
saturation temperature corresponding to the condenser pressure. Lastly, 
the fluid flows through the expansion valve to effect the required pressure 
change between the condenser and the evaporator. 

2.1.3 Cooling Operation 

The operation of the cycle in the cooling mode is similar to that in the 
heating mode except that the positioning of the condenser and evaporator 
with respect to the conditioned space is altered. Figure 2-5 is illustrative 
of a typical arrangement. 

2.1.4 Compressor Operation 

Inspection of the cooling and heating operations described above shows that 
thi compressor operating pressures vary with the mode. The pressure ratio 
over which compression is carried out varies with the ambient temperature. 
Figure 2-6a shows the pressure-volume (P-V) diagram for a reciprocating 
compressor. The compression line of the cycle on a T-S diagram is shown 
in Figure 2-6b for an understanding of the temperature correspondence. 

As the source and sink (compartment and ambient or vice versa) temperatures 
vary, the compressor operation varies over a certain pressure range. 

Ideally, the volume delivered by the compressor is equal to the stroke volume. 
But in an actual compressor, the mass of gas in the clearance volume expands 
(process 3-4) and the volume of gas sucked is given by Thus, the 






voluMtrie •ffleianey of eht eoaproooor i» « function of tho pracouro roelo 
and the c.< »aranca voliaa. Thua, In tha haaclni nodor whan the anblant tenpar- 
ature la vary low (aueh aa -10*F), the conpraaaor voXuaMCrie capacity falla 
off eonaidarably. Moraovar, tha danaley of tha U low at low tanparacuraa 
raaulelni In vary poor naaa flowa throu|h tha empraaaor. 

2.1i5 Parforaanca 

Meat punp performance la naaaurad by the amount of heat tranafarrad and tha 
coefficient of parfomanea (COP). 

Zn tha heating node, thaaa two paramatara are tha heat tranafarrad from tha 
condanaar to tha conditioned apaca and tha heating COP. Tha heating COP 
(COP^) if defined as the heat added divided by tha total work irpuc cc the 
heat pump system. 

In the cooling mode, tha corresponding parameters are tha heat transferred 
from tha conditioned space to tha evaporator and the cooling COP. The 
cooling COP (COP^) is defined as the heat removed divided by tha total work 
input to tha hwat pump system. 

The following relationships define these parameters: 

COPjj • (h2-h3)/(h2-h^) 

COP^ - (h3-h^)/(h,-h^) 

For definitions, see Figure 2-6. 

As presented in tha previous discussion, the COPs vary with the ambient 
temperature. Such a variation may be calculated. Table 2-1 shows an il- 
lustrative calculation. Figures 2-7 and 2-6 show graphs of COP variation 
with ambient temperature. 

Argonne National Laboratories (ANL) conducted a study (6) which included 
heat pump performance variation with temperature and presented polynomial 
equations. The results incorporating the .ANL study are also shown in 
Figures 2-7 and 2-6 and reasonable agreement is apparent. 

fSn:sss:Sn 
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TABLE 2»1 

ILLUSTKATION OF CALCULATIONS OF THE COP .. 

VARIATION WITH AMBIENT TEMPEIUTURE 

T Ambient, *F -10 

AT Evaporator, *F 10 

T Evaporator, *F -20 

P Evaporator, paia 15.27 

AP Suction, paia 2.0 

P Suction, paia 13.27 

T Conditioned Space, “F 68 

AT Condenser, *F 10 

T Condenser, *F 78 

P Condenser, psia 96.07 

AP Delivery, psia 5.0 

P Delivery, psia 101.07 

r compressor 7.62 

c (clearance), % 3.0 

Capacity/Displacement 0.84 

3 

V_ (Specific Volume at Compressor Inlet), ft /Ibm 2.44 

u, 

H- (Enthalpy at Compressor Suction), Btu/lbm 74 

Hjj (Enthalpy at Compressor Delivery), Btu/lbm 90 

n_ (Adiabatic Efficiency of Compressor) 0.7 

W^, Compressor Input, Btu/lbm 23 

AH, Enthalpy Drop in Condenser, Btu/lbm 75 

COPj^ 3.26 
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Fig. 2-7 Effect of Aobient Temperature on the COP of a 
Heat Pump (Heating Mode) 
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Fig. 2*8 Effect of Ambient Temperature on the COP of 
a Heat Pump (Cooling Mode) 
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Th« voliflMtrle •fflcltncy of a coaprasaor la a funcclon of eha praaaiira 
ratio and cha claaranca voluma. Furthanaora, tha maaa flow capacity of a 
coapraaaor ia a function of the compraaaor aiza, tha volumatric affieiancy. 
and tha apacific voluaa at tha coaprasaor auction. Hanca. tha haat pump 
capacity is a function of tha ambient tamparatura. In this analyal^, this 
capacity variation ia obtainad by calculations as wall as by tha usa of 
ANL eorralatlons, and is prasantad in Figures 2-9 and 2-10. Tha methods 
for calculations are standard and arc obtained from Rcfcrancas 9-13. 

2.1.6 Coats 

ANL analysis presents correlations for equipment costs. Since heat pumps 
are not presently being used in automotive applications , Che valuer given 
are for residential units. For the 1-1/2-ton capacity unit, the cost may 
be obtained from the following equation: 

Equipment Cost • 1400 (CAP/ 

Where CAP ■ capacity in cons 

The resulting costs are $736 for the 5-kwt*unit, and $184 for the 1-kwt unit. 

The automotive units do not require a number of items of equipment (such as 
motors and cabinets) that the residential units require. Also the scale of 
manufacture and marketing are very favorable to the automotive units. These 
considerations are estimated no result in the automotive units costing only 
25 to 50 % of the corresponding residential units. Thus, the costs are 
estimated to be $200 for the 5-kwt unit and $90 for Che 1-kvc unit. A more 
accurate estimation of these costs, although desirable, is not attempted in 
this cask. 

2.1.7 Weight 

The weight of a heat pump unit is estimated from the data available for a 
commercial unit and is expected to be 30 to 50 lb per kwt. 


*kwt stands for thermal kilowatt. 


Heating Capacity^ Z of Nominal 
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Ambient Tempertturc, *F 

^Nominal cooling capacity Is taken as 
equal to the heating capacity at 47*F, 
as done by ANL, 


Fig. 2-10 Effect of Ambient Temperature on the 
Cooling Capacity of the Heat Pump 
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2.1.8 Exmp 1« of • Co— ■rclal Dnlt 

Data on conprosaor •poclflcatloni art avallablo for York [14] unlca, and art 
ahown in Tabla 2*2. Parforsanca calculatlona art carrlad out and eha capacity 
of tha nodala la ahown In tha aaaa tabla. The COPa of aoBW coaMreial unlta 
art ahown in Figurt 2-11 which ia adaptad from Rafaranca 15. 

2.1.9 Limltatlona and Concluaiona 

In this brief atudy. raaaonabla valuaa (baaed on currant practice) are 
aaauned for pressure drops and temperature drops. Detailed component analy- 
sis is not carried out to estimate the performance, weights or costs. The 
effects and types of controls arc not addressed. 

The results are, however, compared with correlations by ANL and are found 
to be satisfactory. 

When these results are used for electric vehicles with motor driven com- 
pressors, motor efficiency should be included. If variable-speed, dc drives 
are used, the speed can be so chosen that the capacity is augmented to com- 
pen^ite for the ambient temperature effects. 

2.1.10 Drive for the Heat Pump 

From the above discussion and a few further calculations, a conclusion has 
been reached that to meet both heating and cooling requirements at the appro- 
priate design temperatures, the drive for the heat pump compressor should 
have: 

• 1.5 to 2.5 hp output power 

• Variable speed capability over a speed range of 3:1. 

The two types of drives that can be considered to meet the above require- 
ments are: 

e Gasoline engine 

0 Electric motor, driven from the battery. 
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TABLE 2-2 

OBK AUTOMOTIVE AIR COWDITIOMINC COMPBESSOl 
PATA AND PERTOBMANCE CALCUUTION (EXAMPLE 


Data 




Model Number 

206 

209 

210 

No. Cylinder 

2 

2 

2 

Bore, in. 

1.875 

1.875 

1.875 

Stroke, In. 

1.105 

1.573 

1.866 

Diap., in.^/Rev. 

6.11 

8.7 

10.3 

rpm > Maximum 

6000 

6000 

6000 

Refrigerant 

12 

12 

12 

Initial Oil C.g. , oz. 

10 

10 

10 

Weight, lb 

14.6 

14.6 

14.6 

Lubrication 

Poaitive Preaaure 


Performance (95*F Ambient) 
Maximum Capacity, cfm 

21.2 

30.2 

35.8 

Specific Volume at Compreaaor 
Suction, ftVlb 

0.518 

0.518 

0.518 

Maximum Maaa Flow, Ib/m 

41 

58 

69 

Volumetric Efficiency 

0.84 

GO 

o 

0.84 

Mass Flow at Maximum rpm, Ib/m 

34.4 

00 

0 

4H Evaporator, Btu/lbm 

54.0 

54.0 

54.0 

Refrigeration Effect, Tone at 
Max . rpm 

9.3 

13.1 

15.7 

2000 rpm 

3.1 

4.4 

5.2 

1000 rpm 

1.55 

2.2 

2.6 

Power Input, hp at 
Max. rpm 

5.5 

7.7 

9.2 

2000 rpm 

1.8 

2.6 

3.1 

1000 rpm 

0.9 

1.3 

1.5 
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BM«d on infonation givan for ehoroctorittieo of gaaollno onginM aad dc 
■otori •vallablo In eh* Mrktcpiact today, approxiaaca nuabara for total 
ayatam valght and coat to provida 2 - 1/2 houra of anvlronaantal condltiona 
at tha rata of 17,000 Btu/hr can bo darlvad. Thaac nuabara ara glvan In 
Tabla 2-3. 

2.2 Tharwal Engine Heat Pumps * 

Although the oltctric heat pump can ba dasignad to have an electric motor 
hcrmccically scaled Into the refrigerant loop to drive the vapor compression 
cycle compressor, clearly other means of providing compressor shaft power can 
be used as well. Indeed, using a prime mover such as a theraal angina as 
a power source has the considerable advantage in that engine waste heat re- 
jected in coolant or exhaust gas can be used to supplement the refrigeration 
cycle output in the heating mode, thus substantially Increasing the overall 
on-site system COP. On the other hand, the extra heat produced becomes a 
liability in the cooling mode in that it has to be rejected without signi- 
ficantly diminishing the refrigerating capacity of the system. 

This section discusses a number of new heat pump concepts using an on-site 
thermal engine as a prime mover to drive a refrigeration machine. In most 
cases of interest, the latter is of the usual vapor compression cycle type; 
in some cases, a cycle operating entirely in the gas phase is treated. 

2.2.1 A spect s of Design and Operation 

Some generally applicable considerations in the design and operating char- 
acteristics of thermal engine ' 3at pumps will be noted before discussion of 
specific heat pump concepts in Section 2.2.2. Use has been made of a number 
of comprehensive discussions on this subject published by Wurm and Rush (19’5). 
Wunn et al. (1976), Colosimo (1976) and an AGA research project report 
edited by Wurm (1974). 


*Much of the material in this section has been adopted from Reference 15. 
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TABLE 2-3 


HEAT PUKP SYSTEM WEIGHTS AWD COST 


Drive Type Uclghtf 

Gasoline Engine 

dc Motor 

Heet Pump Syetcm 

150 Ib 

150 lb 

Drive 

30 lb 

60 lb 

Energy Storage 

10 lb 

470 lb* 

Total Syatem 

190 lb 

680 lb 

Costs 



Heat Pump System 

S200 

$200 

Drive 

lOo 

200 

Energy Storage 


4QC 

Total First Cost 

$310 

$6on 


* Ni-Zn butteries. 






2. 2.1. 1 AdvMiUfi 

Daptodlng on ch« particular prlaa aovcr or rafrlfaratlon eycla contaaplacad, 
charMl angina haat puapa hava a nui^ar of aignlf leant advantagaa In nom^ 
parlaen to, aay, alactrlc haat puapa. Tha aajor advantagaa ara llatad 
balov: 

a High ovarall afflclancy (in a primary anargy tanaa) in comparison 
to atata*of-tha«art alactrlc hast pumps in a haatlng mods and 
gasolina bumars 

a Ability to ucllixa prima mover vasta haat to suppiamanc ra- 
frigaration cycla on tha hasting mods 

a Capability to modulate heat pump capacity by varying fuel 
input rate to the prime mover 

a Availability of on-slta waste heat for evaporator defrost 

a Adaptability to total-anargy systams or for operation inda- 
pandent of utility linas. 

Some of these characteristics are discussed further below: 


The major inducement to thermal engine heat pump development is. of course, 
the high combination engine efficiency and refrigeration cycle coefficient 
of performance obtainable in principle. Waste heat utilization on>site, 
facilitated defrost, and ability to modulate capacity all add to high sea- 
sonal performance in the heating mode. In the cooling mode, electric heat 
pumps have certain advantages, but a thermal engine heat pump designed to 
"hold its own" on cooling as well is also possible. 

Prime movers, especially turbomachinery , are relatively easily speed-modulated 
by controlling fuel flow to the combustor or bypassing some of the power 
fluid around the prime mover. 

Having a source of waste heat on sice not only makes supplemental heat avail- 
able for augmentation of the output but allows its use for efficient evapor- 
ator coil defrosting in the heating mode. This consideration may potentially 
elitrinate 'hat is frequently a major reliability problem with electric heat 
pumps as * 'll as a cause of some efficiency loss. 



2. 2. 1.2 OiMdvnfiti 


Slgnlflcanc dlsadvancagM applleabl* in gtntral to thonul ragln* boat puapa, 
la concraat to alaetric haae puapa or gaa or oil bumara, ara llatad balov. 

Aa bafora, chaaa dlaadvantagaa apply to varying dagraaa. dapandlng on cha 
particular ayacaa baing eonaidarad. 

a Raquiratnant to rajact prima aovar vaata haat in tha cooling 
aoda 

a Craatar ayacam complaxicy which could raault in pocancially 
highar ayatan coat and lowar raliability 

a Difficulty in daaigning totally harmatic rafrigaration ayatam 

a Aggravatad noiaa and pollution problama dua to on-aita prime 
mover operation and fuel combuacion 

a Dependence on availability of acarce foasil fuala (natural 
gaa. fuel oil) . 

In elaboration of aooa of tha dlaadvantagaa llatad above, a note ahould be 
made that cha act of having a fuel-burning prime mover on aita, while 
highly advantageoua in the heating mode, becomes a decided liability on 
cooling in chat additional heat tranafer sur.ace, and pump or fan energy is 
required to reject engine waste heat. 

With an on-site prime mover, design of a hermetically sealed refrigerant loop 
becomes difficult. 

2.2.2 MTI Heat-Activated Heat Pump 

Ac MTI Che problem of a hermetically sealed refrigerant loop has been solved 
by using an interesting concept. In this diaphragm concept, a free-piston 
Stirling engine drives a linear oscillating Freon compressor heat pump op- 
erating on a vapor compression cycle. The Stirling-cycle engine has been 
selected because of its potentially high level of efficiency. R. Ackerroann 
of MTI (16) has described this system as follows. 



Tht HiaphragB coneapt ravolvaa around aaparatlnf eho working fluida in cha 
angina and coapraaaor with a flasibla natal dlaphragn, and hydraulically 
cranafarrlng tha powar output Irom tha a'.igl'** :o tha coapraaaor. A achamatlc 
layout for thia ayatan la ahown in Flguia 2-12. Tha ayataa will eonalat of 
two noving aubaaaaabllaa ; tha angina dlaplacar. and cha Fraon coapraaaor 
aaaaably which conaiaca of cha angina powar diaphragm, cha coapraaaor, a gaa 
apring dlaphraga, and cha intarvarj hydraulic oil. Thaaa two aubaaaaabllaa 
fora a couplad raaonant ayataa chat funcciona aa a convancional Stirling 
angina; i.a., tha dlaplacar ahucclaa cha working fluid bacwaan cha hoc and 
cold apacaa ganaraclng cha driving praaaura wava for tha ayataa. and cha 
powar piacon (compraaaor) axtracta work fron cha gaa to powar cha load. In 
tha diaphragm ayscam, cha power ia axcraccad from cha angina and dallvarad 
to Che compraasor through the hydraulic fluid which providaa a force/dia> 
placamenc transfer path bacwaan cha angina and compraaaor. This coupling 
alao appliaa 'he proper dynamica to cha angina to give it ica raaonant 
charactariatica and volumetric phaaa relacionahipa. 

Tha banefica to be derived from this ayatam are: 

a Tha aaparacion of cha working fluida aliminataa Cha need for 
Cha spring tuba, improving both the cose and performance of 
the compressor. 

a The use of the diaphrag.' eliminates the power piston and the 
intricate gas bearing da.'ign associated with it, and replaces 
it with ^ less costly lubricated bearing on the compressor. 

a The use of the diaphragm has reduced the system from a three- 
degrea-of-freedom system to a two-degraa-of-f raedom system, 
thus improving the operating control of the system. 

In order to realize these benefits, diaphragm fabrication must be reliable 
and l>^ss expensive than the spring tube assembly. A diaphragm development 
program has been started that will: 

• Identify industrial applications and diaphragm manufacturers 

a Determine the fatigue characteristics of diaphragms 
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Fig. 2-12 Diaphragm Stirling Engine Heat Pump Power Module 
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* Ettabllth daalgn procadurtt and davalop coaputar daaign 
codas . 

Tht pro|rass chat haa bacn toads on chls program is chat savaral applieaclons 
ranging from rtclprocating comprtssors to transmission couplings for high- 
spaad rotating machines have been identified and several diaphragm 
oanufacturers have been consulted. Subcontracting arrangamancs have been 
astablished with two of these companies to manufacture the power diaphragm. 

The first of these diaphragms was scheduled for delivery in June 1980 at 
which time a life testing program was initiated at MTI. 

Ackermann has made calculations to verify the suitability of this kind of 
heat pump for electric vehicle application. Figure 2-13 shows Che system 
weight and cost. Figure 2-14 shows the volume of the engine compressor 
assembly a.<; a function of design point cooling capacity based on the 
following assumptions. 

e /Unbient temperature - 95®F 
e Passenger compartment temperature - 72*F 

At a design point capacity of 17,000 Btu/hr (5 kW) some of the operating 
characteristics of this system are shown in Table 2-4. 

2 .3 Absorption Cycle Heat Pumps 

The absorption refrigeration cycle is similar to a conventional refrigeration 
cycle in its principle, i.e., a two-pressure domain system. 

Figure 2-15 illustrates the basic vapor compression refrigeration cycle con- 
sisting of four components: compressor, condenser, evaporator and expansion 

valve. The condenser operates at a higher pressure than the evaporator, 
condensing the refrigerant at higher temperature, and thus rejecting heat. 

The refrigerant then passes through an expansion valve to the evaporator 
which is at a lower pressure than the condenser and therefore at a lower 
temperature, thus enabling the refrigerant to absorb heat. The two pressure 
domains are separated by the compressor and the expansion valve. 
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SysloBi Caparity. Tons of Rcfrl|-erar Ion 
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Fig. 2-15 Basic Vapor Compression Refrigeration Cycle 
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The absorption eyclt» Flgura 2-16, eonalota of four baalc coaponanto: ab*> 

Borbar. ganarator, condanaar, and avaporator. Tha condanaar and avaporator 
are Idancical to tha vapor conpraaalon cycle, uhile tha ganarator and abaorbar 
replace tha compressor in tha vapor compression cycle. Compression of tha 
refrigerant operates on tha physical chemistry principle that certain liquids 
and liquid solutions have the capability of absorbing a vapor or gas. The 
weight of tha gas or vapor which can ba absorbed is directly proportional to 
tha pressure and Invarsaly proportional to tha temperature of the liquid. 
Therefore, the cool absorber absorbs the refrigerant vapor and the solution 
is pumped into the generator where heat energy (instead of the work in the 
compressor) is applied, thus raising the temperature of the solution. Con* 
sequcntly, the refrigerant is relieved Into the condenser at higher pressure. 

Many combinations of refrigerant-absorbent are available commercially. The 
most used combinations in the industry today for which data are available are 
the ammonia-water combination, where the ammonia is the refrigerant, and 
the water-lithium bromide combination, where the water is the refrigerant. 

The latter of the two is used in this feasibility study since it is the 
only one operating successfully in cooling a small residential unit, and 
as such, is the closest to the motor vehicle requirement. 

2.3.1 Analysis of Absorption Cycle 

The analysis of a practical absorption cycle cor.slsts of heat balance and 
material balances around the various components as well as around the sys- 
tem as a whole (See Figure 2-17). 

The following equations are set per unit mass of refrigerant flowing per 
unit time [17], 

Heat balance of the whole system: 

q + q + c - q - q ■0. (2. 1") 

^p ^c 

Heat balance around evapontor: 

q + h., - h. • 0. (2.2'' 

^e 2 4 
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Fig. 2-lb 


Basic Absorption Refrigeration Cycle 
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R«at balance around abaorbar: 


hj 4 Mh^2 " \ " ^ • (2.3) 

Haae balance around generator: 

4 (M+1) hp - • ^9 • 0 • (2.4) 

Heat balance around condanaar: 

-qc - hi 4 - 0 . (2.5) 

Heat balance around liquid heat exchanger: 

"ihe ■ ■ *'U> • <'’8 • S’ • <2.6) 


Heat balance around refrigerant precooler: 

V “ ‘'l " ‘'l " •'S ‘ ^ • ^2.7) 

Where : 

q^ • heat flow to evaporator 
q • heat flow to generator 

O 

q^ ■ heat equivalent of pump work 

q^ ■ heat flow from absorber 

q *> heat flow from condenser 
c 

h^ • enthalpy of i th stream Cheat par unit refrigerant mass) 

M • mass of absorbent solution entering absorber (mass per unit 
mass of refrigerant flowing through the evaporator) 

■ heat exchange flow of liquid 

■ heat exchange flow of refrigerant 


■MCSSAMCAi 
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Calculacing cht coafflclant of porfomanco (COF) of vatar-llthlua bronida 
la acconpliahad by uaini Equations 2.1 through 2.7, eharta fron Rafaranca 17 
and ataaa tablaa. Ilia follovlng aaaunptiona wart nada baaad on Induatry 
eoaponanta daaign: 

a Tha abaorbanc solution loavaa tha abaorbar at a caaparatura 
of 80*F (point 6). 

a Tha abaorbant solution antara tha abaorbar (point 12 ) at a eon- 
cantration of 601 lithium bromida and has baan eoolad in tha 
liquid heat exchanger within 10*F of tha tamparatura of solution 
leaving tha absorber. 

a The condensing tamparatura is 120*F (points 9 and 1 ) . 

a The vapor leaving the precoolcr is wanned to within 10*F of 
tha tamparatura of the liquid refrigerant leaving the con- 
denser. 

Table 2-5 shows the conditions for tha cycle analysis. Using this tabic, 
the following values can be found: 

q ■ 1077 - 45 • 1032 Btu/lbm 

^a 

.q . -698 - 1109 + 615 • -1192 Btu/lbm 
^a 

q • 395 - 311 + 1142 • 1276 Btu/lbm 
g 

-q - 88 - 1142 • -1054 Btu/lbm 
^c 

Therefore, the COP is: 

<1, 1226 

2.3.2. Industry Survey 

Several companies in the USA manufacture absorption cooling systems. However, 
most of them are involved in large units, beyond the requirement of an auto- 
motive vehicle. The only one - to MTI's knowledge - that manufactures small 
units with the smallest capacity of two tons of refrigerations is ARKLA of 
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♦Refer to Figure 



IndlM*. Th«lr unlci havt a COP of around 0.8 vlch a vaeafllchiua bronida 
conblnation. Tha physical alsaa of cha anallaac AXXLA absorption units ara: 

a 2-Ton Unit - Waight, 450 Ib and VoluM, 55 fc^ * 

a 3-Ton Unit - Waighc, 660 lb and Voluna, 60 ft^ 

2.3.3 Absorption Cycla Concluaiona 

Absorption cycla syatama ara uaad primarily in araaa vhara hast is availabls 
as a by-producc which will ba vastsd ocharwiaa. In alaccric vahiclast whars 
anargy is at a premium, cha absorption cycla low COP is vary unactractiva. 

In cha industry , cha vibration of cha absorber unit is known Co reduce sub- 
scantially its absorpcivicy , which will further reduce Cha COP. Furcharmora, 
cha syscent's physical size and waighc will further datarioraca cha vehicle 
pat'formance on cha road. 

2.4 Tharmoelactric Heat Pumps 

Tharmoalactric davicas ara widely used for cooling elecCTonlc equipment. 

These devices are also used in various other equipment such as beverage 
coolers, mobile refrigerators, medical instruments and cooling of infrared 
dataccors. In all such applications, haac rejection rates ara small, of 
Cha order of a few hundred Bcu/hr. Commercial devices can produce 4T of 
70*C baewaen the hot and cold face. 


2.4.1 Oparacins Principle 

The following description of the thermoelectric system operating principle 
is taken from Reference 18. 


Thermoelectricity is a specialized branch of solid-state tech- 
nology, and chansocleccric heat pumps have only come into their 
own as practical, mass-producible devices in the last few years. 
The basic cooling element employed in these devices is tha Peltier 
couple; a thermoelectric cooler's cooling capacity is propor- 
tional to the number of such couples it contains and the magni- 
tude of the current passing through them. 

A Peltier couple consists of two sem: conductor elements, alloyed 
from bir h, tellurium and other comv'ounds that are doped to form 
p- and pe units. At the top end, the elements are soldered 
to a ..u>non copper strap, while at the bottom, they are soldered 
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to individual eoppar acrapa to which alaetrieal eonnaeciono ara 
nado. Tha eonnon top atrap funeciona aa tha cold and in tha cool* 
ing noda. 

In an actual davlca, chin earaaic Inaulatint plataa of aluBlna 
or baryllia, which pravanc ahoi*tin| of tha eoppar connactiona yat 
provida good haaC'Cranafar capability, ara aoldarad to tha eoppar 
atrapa. (Excapt in apaeial high-afficiancy davicaa. nanufaeturara 
ara diacontinuing tha uaa of baryllia bacauaa it la toxic in pow- 
dar fom.) In a cooling application, tha thamoalactric davlca'a 
cold-aida inaulating plata natas to a haat aink or othar haat- 
tranafer alamanc, uaing atandard haat~ainking tachniquaa auch aa 
thamal graaaa and clanping praaapra. Tha hot*tlda plata mataa 
to tha load to ba coolad. 

Whan dc currant is appliad to the Paltiar couple, it paaaaa from 
the to tha p-type samiconductor matariaX; the temperature of 
the common copper strap decreases, and heat is absorbed. Junction 
cooling occurs because the electrons pass from a low energy level 
in tha p**t>va material, through the connecting copper tab, to a 
higher energy level in the n-type element; the heat is pumped .rom 
the cold end through the elements by the means of electron tansport 
to the opposite ends, which grow hotter. 

Ideally, 100^ of the cold junction's heat-absorbing capacity, 
which is proportional to the product of the Peltier coefficient 
and the current, .'s available to soak up the heat from the load. 

But in practice, not all of this cspacity is actually available 
because some of it gets used up in absorbing the haat from two 
internal sources: the Joule (I^R) heat (Q^) generated by current 

flow through the Pelticr-couple resistances, and the haat trans- 
mitted by thermal conduction (Q^) from the hot end back to tha 
cold end. Thus, the net heat (Q^.) that can be usefully absorbed 
is Qp - (Q. + Q^). 

The heat dissipated at the cooler's hot side (Q^) is the sum of 
Che Peltier heat plus half Che Joule heat, minus the thermally 
conducted heat: Qh • Q- ^ l/2Qj ■ Of The cooler's electrical 

input power (Pi) is che^dif ference (measured in watts) between 
the amount of heat dissipated at the hot side and the net amount 
of heat absorbed at the cold junction: Pi • Qh ” Qc* fig- 

ure 2-18. ] 


2 .4.2 EHV Application 

For electric/hybrid vehicles, Che areas of most interest are heat rejection 
rates in the range of 1 to 5 kW (3413 to 17,065 Btu/hr) . 

Vestingh'iwse has developed a module for providing 24,000 Btu/hr of air con- 
ditioning for environmental cotstrol of remote shelters. The complete system 
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Fig. 2-18 Thermoelectric System Operation 
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packaft conaittins of thanotltctric aodulaa, haat axchangara, fani ate. 
vaighf 262 lb. Tha packaga'a ovarall diaanalons ara 40 in. x 40 in. x 20 in. 
Tha COP for this ayacaa la 1 for • 95*F and • 140*F. Tha ape- 

elf lea of chia package ara daacrlbad in detail by Parcuplla at al. [19]. 

Uaaclnghouaa haa also developed thanDoalactric air conditioning (heating 
and cooling) for ahipboard uaa in capscitiaa of 6000 Btu/hr. However, these 
units are expensive; on the order of $10,000 to $15,000. These cost figures 
include the cost of heat exchangers, power supplies, etc. 


A more realistic idea of the cost of thermoelectric devices is obtained by 
examining the catalogs for these devices. For example, Melcor company's 
device f#CP5-31-06 has a heat pumping capacity of 200 Btu/hr with T , , • «0*F 

CC IG 

and T, ^ • 122*F. This device has a list price of $32 each for quantities 
not 

of 1000 or more. The price does not include the cost of heat exchangers. 


The characteristics of thermoelectric devices tc provide required air con- 
ditioning capacity would be: 

• ^hot - 

a Capacity - 5 kW (17,065 Btu/hr") 
e Cost - S2720 

# Volume - 0.0525 ft" 

# Weight < 150 lb 

• COP I 0.2ii . 


.3 


The above cost figures are based on present production rates. With mass- 
production techniques, cost may be significantly lower than the above figures. 

Therefore, the thermoelectric system will not be cost competitive if it is 
to produce identical heat rejection rates as required by conventional 
systems . 


rfCHMOiMf 

iHCOMOOAAfff 
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2.4.3 Lofllfd Coollm/H«>tlnE 

The eaell size of theraoclcccric devices can be exploited for providing 
localized cooling which will provide soeic level of cosfort to individuals. 
Cooling would be achieved with a heat rejection rate requiresMnt reduced 
to a tenth or le£« cx the conventional space conditioning technique. In 
such an application, thermoelectric devices will be superior to any other 
technique by the following: 

e Least cost 

e Least energy consumption 
e Least weight 
e No effect on vehicle drae. 

One such technique would be to make a "weather coat", which has thermoelec- 
tric devices spread throughout. Such a coat would provide heating or cool- 
ing as desired, by pa£.sing currents of appropriate polarity through the 
thermoelectric elements. Alternatively thermoele'-tric devices could be 
incorporated in seat belts and seat cushions. 


Due to closer contact with the source of heat (i.e., human body), the tem- 
perature differential over which heat needs to be pumped is small. Assum- 
ing T ■ 80*F and T. • 110*F, a heat pumping rate of 600 Btu/hr per 
® cold hot 

person would bo adequate, as only the heat generated by the human body (plus 
a little heat flowing in due to conduction when ambient temperature is higher 
than 80"F) is to be pumped out. At these conditions, the thermoelectric de- 
vice system will have the following characteristics: 

• Capacity - 176 watts/person (600 Btu/hr) 

• "hot - 

• ^cold-«^“^ 

• AT - 30*F (16.7*0 

• Weight - 0.“ lb 

• COP - 1.32 

• Electric power required - 0.23 kW/person 


• Cost : $30/person . 

Additional equipment required wot! 


blowers, fans, control system, etc. 
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2. 4. A Combination Sytf ■ 


The ««ull •ls« and v«i|ht of tht tharaotlactric dtviett can ba axploitad to 
provldt for charging of chcmal energy tcoraga ■ytcama. Aa charging ciM 
could easily be of the order of 10 hours to charge (either heat or cool), 
the storage syscem with 42,500 Btu of heat would require an average charging 
rate of 4250 Btu/hr. The characteristics of thermoelectric devices for pro- 
viding such rates will be: 

e Capacity - 4250 Btu 'hr (1.241 kW) 


e T 


cold 


OT 


lOO'F (53.5*0 


e Weight ■ 60 lb 
e Volume ■ 0. '">26 


e Cost = $1360 


2. 5 Magnetic Heat Pump 

The working principle of magnetic heat pumps, known for more than three dec- 
.s, is based on the fact chat many magnetic materials become warmer when 
subjected to a magnetic field, and cooler when the field is removed. This 
reaction is called the thermomagnetic effect. Recently, NASA physicist 
Dr. G.V. Brown used a material called Gadolinium to make this reaction pro- 
duce heating and cooling effects near room temperature. The device - a 
magnetic heat pump - is believed to be a more efficient alternative to 
existing methods. Its use promises significant potential savings in equipment, 
energy, and peripheral operating costs for many industrial, commercial, and 
residential applications. The physics behind the operation of such a mag- 
netic heat pump are well described by Dr. Brown [20]. 

Dr. Brown made a few sample calculations to determine the feasibility of a 
magnetic heat pump utilizing Gadolinium for electric vehicle applications. 

These calculations were not attempted to obtain an optimized engineering 
design but rather to obtain order of magnitude estimates. 
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Attuaptiont (for suiMr): 

• Tampcracurt at which haat is abaorbad by tha hast pinip • 50*F 
a Taoparacura at which haat is rajactad the aabiant ■ 110*F 
a Cost of Cadollniuin ■ $75/lb 

a Cost of ferrite permanent magnet material ■ $0. 20/lb 
a Rate of cooling required • 17,000 Btu/hr. 

The results of these calculations are given in Table 2-h. 

Significant opportunities exist to reduce the weight of Che ferrite perma- 
nent magnet required by optimizing the magnetic circuit configurations and 
also increasing the frequency of operation. 

2.6 Split Heat Pump 

Two split heat pump systems are described here. One system uses water as 
the refrigerant, the other uses ammonia. 

2 . 6 .1 Water-lithium Bromide System for Air Conditioning 

Water has the highest latent heat of vaporization per unit mass of any known 
substance. This property can be utilized to obtain a very lightweight air- 
conditioning system for electric vehicle application. Figure 2-19 shows the 
schematic of the arrangement. 

Water is stored in a tank at ambient temperature and pressure. This water 
is passed through an expansion valve and its pressure is dropped to a very 
low absolute pressure, e.g., 0.12 psia. This decrease in pressure results 
in flash boiling of water and a temperature drop to 40®F. The mixture of 
water vapor and water is then passed through a heat exchanger located in the 
passenger compartment. Here, the low-pressure, steam-water mixture receives 
heat from the passenger compartment, and the water is completely evaporated 
(and even partly forms superheated steam). The water vapor is further 
passed into a container holding lithium bromide. Lithium bromide ab^-orbs 
the water vapor, thus retaining constant pressure on the low-pressure side 


TABLE 2-6 

RESULTS OF SAMPLE FEASIBILITY CALCULATIONS 


I 

1 

1 


Hatarlal 

Weight 

Coit 


(lb) 

(S) 

CadollnluD 

11 

625 

Ferrite 

319 

64 

Total 

330 

869 


Performance 


Frequency 

Capacity 

COP 

5 Hz 

17,000 Btu/hr 

3.7 

2 Hz 

7,850 Btu/hr 

6.0 


iteCO'wSA'. 
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of tho oystoB. During oboorptlon, tho hoot of tho oolutlon lo liborotod, 
rolslng tho toaporoturo of tho oolutlon ond honeo tho contolnor. Thlo eon* 
tolnor lo nodo In the fora of o hoot oxchongor, ond thoroforo. the liborotod 
hoot of oolutlon lo ronovod by bloving onbiont olr on tho contolnor. Ao o 
rooult, the oolutlon lo ot o few dogrooo obovo onbiont ond ot o very low 
prooourci ouch oo 0.12 polo. 

Tho vorlouo prcooureo» ond onounto of voter ond lithium bronidc ore colcu- 
lotod uoing doto from ottom tobloo ond the doto on tho propertloo of lithium 
bromide aqueous oolutlono from the ASHRAE Hondbook. 1977 Fundomcntals . These 
colculatlons ore shown In Section 2. 6. 1.1. 

For recharging, the lithium bromide aqueous solution Is hooted to o tempera* 
ture that essentially drives off all the water from the solution. The tank 
is then sealed, resulting in a vacuum of appropriate magnitude when the tank 
is cooled. 

Calculations in Section 2. 6 . 1,1 show that the weight of the system is very 
small. These calculations wi ll hove to be modified to provide adequate races 
of absorption. Certnin problems will arise due to vibration and the high 
vacuum needed . 

2.6. 1.1 Calculations for System Size Determination 


A ssumptions 

• Ambient temperature 

• Ambient pressure 

• Temperature of cooling coil 
in Che passenger compartment 

• Temperature of absorber heat 
exchanger 

• Storage 

- Tern; ;rature 

- Pressure 

- Enthalpy 


100®F 
1h. 7 psia 

40*F 

120*F 

100“F 
14.7 psia 

68 Btu/lb from steam tables f21] 
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• After Expaneion 

• Trap* recur* 

- Pr«f*ur* 

- Enthalpy 

• After Evaporation 

- Tenperacure 

- Preasur* 

- Enthalpy 

- Volume 

• After Absorpcio.‘\ 

- Temperature 

- Preasure 


40*F 

(6.3 ran Hg) 0.121 
68 Btu/lb 

40*F 

0.121 pala 
1079.0 Btu/lbw' 
2445.8 ft3/lbm 

J 

120*F 

0.121 pala 


pala? From ateam 
] cables [21] 


(Aaauming sacur* 
attd vapor) . "rom 
steam tables [21' 


From Figure 2- 20 : 

Equilibrium concentration, 63* by weight of LiBr. 

Hence, the amount of heat removed from the passenger compartment per Ibm 
of water 

■ Enthalpy after evaporation - enthalpy before evaporation 

• 1079 - f-8 

• 1011 Btu/lbm of water 


Thus, the amount of water required to provide a total cooling of 42,500 Btu 
is 


42,500 

1011 


lb. 


The amount of lithium bromide required is 


42 X 0.63 
(1 - 0.63) 


71.5 lb. 



MtetoMKAa 

f$C*mOLp99 
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Fiu. 2-20 1 ihr I iiw Oiart f«'r Aqueous Lirliiiim Rr«>mide Solutions 
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^Reproduced fro:.: Reference 22. 
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Tht total rafrliarant * abaorbant waight 


• 42 t- 71.5 

• U3.5 lb. 

2.6.2 AaBBonla - Watar Schama 

Antonia haa tht hlghaat haat of vaporiaatlon with tht axctption of uattr. 

A aytttD utllizlnt ammonia it ahown in Figurt 2~22. Hi|h*praaaurt • liquid 
ammonia ia atortd in an inaulattd containtr. Thia aooonia liquid ia paaatd 
through an txpanaion valvt, lovtring tht prtaaurt and ttmptratura. Thia 
lov-ctmptraturt fluid ia paaatd through an anmtonia>to*air-htat txchangtr 
loeattd in tht paaatngtr compartmant. Htrt, tht annonia liquid abaorba haat , 
frcn tht paaatngtr compartmant and ia thua vaporiztd. Thia vapor ia ab* 
aorbtd in tht wattr containtd in tht stcond haat txchangtr. Aa tht vapor 
is absorbtd, haat of vaporization ia givtn off by the ammonia, cauaing the 
mixture tcmptraturt to incrtaat. This htat la rtmovtd by tht ambitnt air 
flowing on this htat exchanger. 

Recharging of thia syattm ia accompllshtd txttmally, t.g.. in a garage. 

For recharging, the mixture of ammonia and water la heated to drive the 
ammonia vapor off. The water is returned to tht ambient heat exchanger 
while the ammonia vapor la compressed and cooled. In this manner, satur- 
ated liquid ammonia is obtained, as in its Initial condition, to charge 
the ammonia tank. 

2. 6.2. 1 Cooling Mode 
Typical calculations are shown below: 
t Ambient temperature: 100“F 

t Condition of ammonia liquid in the anssonla tank: 

- Temperature, 55*F 

- Pressure, 96.0b psia 

- Enthalpy. 103.5 Btu/lb 

- Specific volume, (1/38.75) ft^/lb 
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• Condition of oaBonio vapor at tha axlt fron th > paaaangar 
conpartnant haat axel\an|ar: 

- Taaparatura* 50*F 

- Fraaaura, 90 paia 

• Enthalpy, 625.2 Btu/Ib 

3 

• Spaciflc voluna, 3.3 ft /lb. 

Thus, haat abaorbad from tha paaaangar conpartnant ■ 625.2 - 103.5 

• 521.7 Btu/lb. 

Whan tha anmonla vapor it abaorbad by the watar in tha aacond haat axchangar, 
the conditions ara: 

a Tamparatura, llO'F 
a Pressure, 90 paia 

Tha amount of wacet needed to absorb the ammonia vapor at these conditions 
is found to be 1 lb of water for 1 lb of amnonia. This anount is derived 
from Figure 2-23, which is reproduced from the ASHRAE Handbook, 1977, 
Fundamentals. 

Thus, for providing a storage capacity of 42,500 Btu, tha following is needed: 
42,500 

■ r TT- r ' ■ 81.5 lb of ammonia 
521 . / 

and 81.5 lb of water. 


Thus, a total storage fluid weight equals 163 lb. 


The volume of the amnonia tank 


2.1 ff 


The volume of the ambient-temperature heat exchanger 
■ weight of solution x specific volume of solution 

- 163 X 0.0197 

- 3.21 ft3. 
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1 

1 
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I 
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Pig- 2~23 Enthalpy Concantratl. n Diagram for Anmonia Water Mixture 1/12 ) 

M25H 
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ItotAl storagt voltM 

• 3.21 4 2.1 
- 5.31 ft^. 

2. 6. 2. 2 H>«ting Mode 

Tht saiu «yit» can b« uaad fot providing hoatlng. The liquid aHwnia la 
paiaed through an expansion valve, lowering its pressure and temperature. 

The lower pressure vslue selected is such that after expansion, the fluid 
temperature will be below ambient. Thus, when this fluid is passed through 
tl>e slfto-ammonis heat exchanger, it can absorb heat from ambient air. 

Hence, in the heating mode, the first heat exchanger exchanges heat with the 
ambient instead of with the passenger compartment as in the cooling mode. 

With the heat absorbed from the ambient, the low- temperature liquid ammonia 
is vaporized and is further passed on to the second heat exchanger which 
contains water. Here the ammonia vapor is absorbed by the water, and heat 
is liberated. This heat will cause the temperature of the heat exchanger to 
rise to well above the temperature required Inside the passenger compartment. 
Hence, when air is blown over cMs second heat exchanger, it can be used to 
heat the passenger compartment. 

A set of typical calculations for the heating mode are shown below. The 
data about the properties of ammonia and aqueous solutions of ammonia are 
obtained from the ASHRA£ Handbook, 1977 Fundamentals and from Figure 2-23. 


e Storage 


- Temperature 

-10*F 

- Pressure 

23.74 psla 

- Enthalpy 

32.1 Btu/lb 

- Volume 

1/41.78 ft^/lb 

e A.' ter Expansion 


- Temperature 

-30*F 

- Pressure 

13.90 psia 

- Enthalpy 

10.7 Btu/lb 

- Volume 

1/42.65 ft^/lb 


^•CHNObMV 
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e After Evaporation 

- Teaperature 

-30*F 

- Pressure 

13.90 

- Enthalpy 

601.4 

- Volume 

18.97 


Pile 

Btu/lb - 77.9 Btu/lb* 
Btu/lb 


523. S Btu/lb 


• After Absorption 

- Temperature 80*F 

• Preeeure 13.90 pale 

• Enthalpy -40 Btu/lb of solution 

- Solution Concentration 30'.' by weight ammonia 

■ -40 X Btu/lb of ammonia 

0.3 

■ -133 Btu/lb of ammonia 


• Total Heat Given Off 


« 523.5 - (-133) 

■ 656.5 Btu/lb of 


- Weight of .Ammonia Required 

- Weight of Water Required 


42.500 

656.5 


64.5 lb 




- Total Weight to be Carried 


64.5 

0.3 


216 lb 


♦The enthalpies of pure ammonia are based on 0 for the saturated liquid at 
-40“F, and enthalpies of the mixture are based on 0 for water at 32®F and 
0 for ammonia at 32*F. The enthalpy of pure ammonia at 32®F based on o 
at -40*F is 77.9 Btu/lb. 
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3.0 THEHm STORAGE 


Two typos of ehsmal ttors|t srs considsrtd: high- 1 sapor sturt thonul otor- 

ogo ond low-toaporocurt thoraol ttorogc. Hlgh-toaporaturo thoraol storogo 
syscoas set os hoot sourcos from which hoot eon be extrsetod for hosting the 
vohielo. Lov-cempersture theraol storage systeas can be used as hoai sinks 
to which heat can be rejected from the hot environment for cooling. Heat 
sourcos and sinks can be classified as either sensible heat or latent heat 
(of phase change), depending on the mechanism employed for injecting or 
absorbing heat. The following subsections describe various thermal storage 
systems . 

3.1 Water 


3.1.1 Heating 

Liquid water has the highest specific heat, with the exception of gaseous 
hydrogen and helium. In the heating mode, water can be heated to temperatures 
in excess of 212*F, either by increasing pressure and/or adding other sub- 
stances such as glycols or salts (NaCl, CaCl 2 , etc.). If the pressure- 
increase method is chosen, the heat storage capability can be determined from 
using steam tables. 


Assumption: 


^cold 


100 ®? 


Capacity required ■ 42,500 Btu 

where 


Tcoid * lowest temperature of the storage material at which 
useful heat can be extracted. 


Table 3-1 shows the results of calculations using various pressures. This 
table Indicates that a practical heat storage system can be obtained with 
water as a storage medium. Other advantages of water are: 

e The same water can be used as a heat transfer medium. 
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TABLE 3-1 

STORAGE SYSTEM WEIGHT FOR 
DIFFERENT PRESSURES FOR STORING 42.500 Btu 














I 


( 


• Traptratur** and praaauras ara raaaonably aaall and 
hanea can be handlad with inaxpanalva inaulaelon 
and containnant natarlali. 

a Wacar la vary Inaxpanalva. Hanca, lea walght can ba raducad 
during thoaa daya whan haaclng raqulremancs ara low, raduelng 
ovarall walght of the vahlcle, with little coat conaaquancea . 


3.1.2 Cooling 

For the cooling mode, the following assumptions are made: 

T. . - 50"F 
hot 

Capacity required ■ 42,500 Btu. 

where 

■ highest temperature of the storage material at which 
heat can be rejected to the storage material. 

A maximum 4T of 18**F can be obtained before solidification occurs. Hence, 
a maximum of 18 Btu/lb can be stored in a sensible heat mode. A large 
amount of water will be necessary to store the required capacity. The 
storage capacity can be increased in two ways: 

a Using latent heat of fusion of ice 

e Lowering the freezing temperature by adding suitable 
materials such as propylene or ethylene glycols. 


In the case of the first alternative, an additional 144 Btu/lb, which is the 
latent heat of fusion of ice, could be obtained, thus bringing the total 
storage capacity to 162 Btu/lb at 32°F. The formation of ice is accompanied 
by an increase in volume and also by a reduction of thermal conductivity. 
This combination will necessitate a special heat exchanger design and some 
heat transfer medium. One such design is shown in Figure 3-1. 


In this design, the problem of freezing expansion is solved by filling elas 
tomer balls with water. These balls are kept in the container and the res: 
of the space in the container is filled with water containing some freezine 
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Ethylene Glycol 


Fig. 3-1 Thernal Storage with Water 


M!S«* 






ORIGINAL PAGE IS 

OF P005? QUALITY 


traptratur* dapraaaant such as athylana glycol. This fluid acts partly as 
a storaga nadlum but mostly as a hast transfer madlun. The fluid is pumped 
through the vatar*to*alr heat exchanger located in the passenger compartment. 

During recharging time, the fluid is circulated through a refrigerating 
apparatus located externally, e.g. in a garage, and the temperature of the 
storage system is brought down to about 20*F. This reduction in temperature 
causes the water in the balls to freeze, storing 144 Btu/lb of latent cold 
for freezing, and about 30 Btu/lb of sensible cold. Thus, a total of about 
174 Btu/lb of cold is stored. The heat transfer medium also stores some 
sensible cold of the order of 26 Btu/lb while the metal containing device 
stores about 6 Btu/lb. Therefore, obtaining an overall storage density of 
150 Btu/lb is conceivable. 

The same system can be used for heating the vehicle provided the elastomer 
balls can stand a pressure of about 70 psi at 300"?, so that, in the heating 
mode, identical storage density is achieved. 

Alternative forms of heat exchanger /storage designs can be built, using the 
basic idea of water in an expandable container to utilize latent heat of 
fusion of ice. Such schemes have an added advantage of requiring minimal 
changes during heating and cooling seasons. 

In the second alternative discussed earlier, of using brines to lower the 
freezing temperatures, the latent heat of fusion of ice can also be used, 
but not nearly to the same extent as in the first alternative. If, for 
example, a mixture of ethylene glycol (30% by weight) and water is used, 
it has a freezing temperature of 0°F. However, in brines, the freezing does 
not result in complete solidification of the liquid until the temperature 
is reduced to the freezing temperature of a eutectic mixture. In the case 
of ethylene glycol and water, this temperature is below -60*F. 

Between 0*F and -60®> more and more ice crystals drop out as the temperature 
is lowered. However, a significant portion of the total mixture remains 
liquid, leaving the who‘'e "■’"xture in the form of slush. TItis situ.irion i.. 
ideal, as the liquid ci.. . i. to obtain the desired heat transfer 


VteHAMCAi 

tMCOAPMATf* 
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•nd no Artifleoo nro roqulrod to provonc burotlng duo to frtocing. Tho only 
drovbock it that tlnct til tht let It not foratd tt tny contttnt ttnptrtturt, 
only t fraction of tht Itttnt httc can bt utlllztd, until tht ttaptrtturt it 
rtduetd to t vtry low vtlut. Furthtrmort, addition of tthylont glycol rtductt 
tht cptelflc httt and htnct. ttortgt of ttntlblt httt it rtduetd. Ctlcu* 
Ittlont thov that to obtain 150 Btu/lb of cooling, a ttmptrtturt of >S0*F 
will have to bt attained. Thlt low cemptrtcurt will require better insu- 
lation to limit httt Ittkt to a rtatontblt value. 

The tyttem utilizing ethylene glycol thue it timpler, at the expente of 
requiring very low temperature, than the tyttem utilizing the expendable 
containers. In either cate, the cott of storage materiel is insignificant. 

The total cost of the storage device is expected to be In the neighborhood 
of $50.00. 

3.2 Salts 

Most salts have a large sensible heat capacity but relatively low density 
(about 1.7 kg/liter), giving better heat capacity per unit mats than materials 
like cast iron or magnetite, and comparable capacity per unit volume. Single 
salts or a salt eutectic mixture exist to provide melting temperature ranges 
anywhere between 130*C and 900^0. Salts have large latent heats of melting 
(comparable to water in heat/volume) and can provide large amounts of heat 
at essentially constant temperature. 

Salts have low viscosity, poor heat transfer as stagnant liquids, and poor 
thermal conductance as solids (copper ■ 10 x steel ■ 100 x NaCl) . Salts 
have very large expansion on melting (typically 20^) with attendant large 
pressure differentials and risk of container rupture. However, this 
characteristic could be used to provide strong convection and stirring, en- 
hancing thermal transfer by as much as tenfold. 

Heat transfer will not be critical during melting since the heat flux is 
through the convecting liquid to the solid boundary. Freezing will be much 
more serious because the solid-liquid interface provides the heat at con- 
•tanc temperature. This heat has to pass through the growing layer of pocr- 
,• conduc Ing solid. 



Corrosion ovor porlods of 20 yoort or sort is llksly eo bt s ssrious prob> 

IsB with «oXtsn sales. Whsrsas chs solid is a ralaeivaly intre, danss-packad 
crystal, cba liquid is alaosc eoaplataly dissociacad and fully ionlrad - 
hanea tha larga lacanc ha«c and axpansion on aalting. Most pura aalcs arc 
not axpactad to bo corrosive, but snail traces of water - parts par million 
or lass - could be axtrancly corrosive to steal or even stainless steals. 

Dehydration before malting will be essential at levels unknown at present 
in connnerclal use of such materials. Cathodic protection of the containers 
will be necessary above 400*C (or even lower), removing residual OH and also 
any H 2 O which may enter in protective gases such as argon. 

3.2.1 Solids for Keat Storage 

Table 1**2 gives the properties of a number of eutectic salts, insofar as 
those properties relate to thermal storage. Only the solid state of these 
salts is considered. Using the common NaOH and the uncommon LlOH as ex- 
amples from Table 3-2, the constants for these salts are given in Table 3-3. 

The amount of solids required to store enough heat to provide 42,300 Btu 
of heating is computed as follows: 

a Assume that the lowest temperature at which heat can be 
extracted from the solid storage is 100®F 

a Hence, heat extracted per pound of solid equals 

C X (T - lOO'F) 
max 

Using the information in Table 3-3, the following quantities are computec 


for NaOH and 

LiOH. 





W(lb) 

V(ft^) 

Cost(S) 

Btu/lb 

NaOH 

177 

1.33 

21 

240 

LlOH 

94 

1.04 

186 

450 


3 . 2.2 Lithium Fluoride 

Lithium fluoride (LiF) is potentially an excellent storage material for two 
reasons: it has a high energy density, and its specific heat increases with 

increasing temperature. Thus, most of its energy is released over the early 


ORtGINAL PAGE IS 

OF POOR QUALITY 

TABLE 3»2 

PKOPERTIES or SOLIDS FOR HEAT STORAGE 
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Maac Coae.cy 
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Tharaai 

CaMuceivwy 
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iMw.de 
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CaaiaiMMit 

*iatarial 

i 

LiOl I 
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iLi. 
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:oi: 
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SI 

3.00 
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ul: 
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»J-N 

K2 
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SI 

i 
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0.2- i 
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113 
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IS 
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0.22 


139.1 

IS 
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fS 
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S8 
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90* 

o.;6 
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iS 

. .3 t 
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>10 

:.:6 


;37.1 

SI 

, 
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o.i: 


lAA.I 

iS 
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0.35 

; 
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IS 
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! 9Na* 
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UM 
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i SS 

0. 38 

5KC:-:9NaCl-9aCaC:: 

939 

0.28 


114.2 

!S 

:.32 

:3K:;-;9Nao^a!f:;2 

0)9 

3.10 


1 • 9 ■ 

• a * 

»S 

1 

:BKC:«.9Na053laC:^ 

.003 
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' SS 

i 
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TABLE 3-3 


FBOPERTIES OF NaOH AND LlOH 


s«lc 

NaOH 

LiOH 

c, Btu/lb-*F 

0.48 

0.59 

w, Ib/ft^ 

133 

91.1 

Cost, $/lb 

0.12 

1.97 

max, *F 

600 

860 
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pait of cho hootlai eyelo. Xn tho poot. It hoo boon aoeoaoary to brint 
IIF to coaporoturoo OKcoodlni 255fl*F undtr vocuini condltiono to olisliiato 
lapuritiop which oro • M)or contributor of this Mttri«l*o eorrotivonoot. 
lowovor. tho ooM bonofito con bo ochiovod by odding about 0.)X oluaino to 
tho LiF. liF con otoro aoro hoot chon ony ochor known aatoriol oo ico 
toaporoturo io voriod in cho rongo froa 1022*F to IS56*F. Approxlaatoly holf 
Cho onorgy ocorod io in tho fom of locont hoot of fuoion (LiF aoles oc 
1554*F . ond cho roaoindor io ooniiblo hoot. 

Tho rolovonc conoconco for LiF oro: 

o Hoot of Fuoion: 774 Btu/lb ot 1554*F 

o Specific Utighc: 147 Ib/fc^ 

o Specific Heat ot 59*F: 0.373 Cal/g*C - 0.373 Btu/lb-*F. 

Thuo, otfluaing for purpoooo of colculotion thot the moteriol, ofter eolidl- 
fyingi con be cooled down to 100*F) then* 

Q • W c (6^ - 100)1 

42,500 - W (774 + 0.373 (1554 - 100)] ■ 1318 W 
or 

W • 33 lb 

V • 33/147 • 0.22 ft^ 

Theoe values ore extremely attractive numbers. 


Molten lithium fluorides hove been tested os otorogc motcrlals using heat 
transport fluids ranging from gas Co sodium vapor. However, a number of 
problems exist with this material. Due to its high storage temperature, LiF 
would hove to be extremely well Insulotod ond placed in some hoot resistant 
connecting fluid for circulation through the vehicle. The storage systems 
will require delivery of energy cither by electrical resistance heaters or 
through some other circulating thermal conduction device, and the supply, 
containment, and transport of the heat in and out of the system will pre- 
sent serious difficulties. The toxic and combustible properties of the 
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Mtarial Itttlf, and eoid>lnaciMia of aacarlala which aighc ba uaad In a da- 
vlca, hava Co ba axaninad for any daalgn eaaa. Flfura 3-2 ahowa a achanaclc 
of a eonplaea ayacan daaignad by Thanao Elaceron Corporaclon (24] for an 
auconoelva propuXaion anargy acoraga ayacan. Tabla 3-4 ahowa §em of cha 
nunbai. f intaraac in thla daalgn, alao darlvad fron cha aaaa aourca. 
Frallaina*. mal cycling eaaca have ahovn an Initial candancy of LIF to 
dograda, and whachar or noc aeablllzaclon occura with prolongad cycling la 
not known. 

Production of atoraga unica ualng aalca will hava to ba conduccad undar con- 
trollad atmoapharaa, ainca noiatura and air will initiaca corroalva attack 
of macarlala avan at roon catnparacura. At high camparaturaa and In oparatlon 
of cha unica, compltca aaaling and/or inert blanket gaa cover of the aalc ia 
required. Conaequencly , dealing with thia hacardoua condition in vehicular 
uae requirea a high-temperature device or proviaion for the eacape ( f LiF. 

Bum and fire hazarda are lover th,\n choae aaaociaced with the uae of gaao- 
line fuela, ahould that flammable Uquid eacape. Molten aalca freeze rapid- 
ly on expoaure to cold aurfacaa or air, and would not dacompoae unleaa cx- 
poaed to extremely high temperaturea or contacted by acid or acid fumea, in 
which caae toxic fumea could be releaaed. Removal of apilled LiF after' cool- 
ing ahould preaent no problem. 

3.2.3 Modified Caustic Soda (NaOH NaNO j) 

Sodium hydroxide (cauatic aoda) la a widely ueed, 1 ^aive, Irduscrlal in- 
organic chemical which haa two phaae changea it the region of 450 co 630*T, 
one aaaociaced with fualon at about 616*F and one asaoclated with a crystal- 
line transformation at about 574*F [25]. The addition of about 87.1 sodium 
nitrate has the effect of depressing the fusion phaae change so that all thr 
latent heats of both the NtOH and the NaNO^ are available within a narrow 
temperature range. Some of the characteristics of this material are shown 
in Figure 3-3. Unlike some Inorganic media, the material can be contained 
in inexpensive mild steel vessels; the heat exchangers can be fabricated 
from this material as well. Moreover, the medium has a low vapor pressure 
and can operate in a vented vessel. Therminol oil, described in Section 3.5, 
can used as circulating fluid for storing and ext'..-'. ting heat. 
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Dutl-Modc Optratlon. Burner On. Pump Control Set at Run. 

The burner is on; therefore, heat is supplied to the TES and/or the engine. 
kl low engine power the TES charged (i.e., melted) and at high engine power 
the TES is discharged. Thus the combustion system can be sized for average 
power, rather than peak power, operation. From Reference [241. 


Fig. 3-2 Thermal Energy Storage for Automobile Propulsion 







TABLE 3-4 


ENERGY DENSITIES FOR VARIOUS ENERGY STORAGES 


Storage 

Type 

Gravimetric 
Energy Density 
(Btu/lb) 

Volumetric 
Energy Density 
(Btu/ft3) 

LiF (Complete System 
Between 155*^®? and 


, 

100*F 

1545 

58,000 

Lead-Acid Batteries 



Present 

54 

5 , 800 

Advanced 

77 

8,700 

Ni-Zn Batteries 



Present 

108 

11.100 

Advanced 

130 

14,500 


iNCOAHMATO 
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Tewperat ure 





toftrrlng co Figurt 3-3, ch^ chAng* in Anthalpy b«cw««n 620*F and 10C*F !• 
•pproxlaatAly 276 Btu/lb. 

• Specific Weighc - 110 Ib/ft^ 

• Cost - $0. 15/lb 


The above information yields 


42,500 
— 27T“ 

V - 154/110 


154 lb 
1.4 ft^ 


The mass of macerlal required Is on the high side, chough its volume is 
reasonable. The cost of the caustic soda, above, would amount to 134 x 0.13 
$23, which is insignificant. 

3.2.4 Alkali Carbonates 

Alkali carbonates are attractive as latent-heat storage materials due to 
their relatively high storage capacity and thermal conductivity, low cerro- 
sivness, moderate cost, and safe and simple handling requirements. Test 
data on a number of these salts are given by Petri ec al. [26]. Some of 
their results a'‘e reproduced in Tables 3-5 and 3-6, as well as in the fol- 
lowing summary. 

• Alkali/alkaline earth carbonates can be used as latent heat 
thermal storage materials over the temperature range of 747 
to 1636*F. 

t LiKCO^ (melting point: 941®F) exhibited excellent chemical, 

physical, and thermal stability for over 5600 ho-jrs and 129 
cycles, as well as good compatibility with type 316 stain- 
less steel. 

s Pure Li^CO^ (261 Btu/lb, $0. 93/lb) and Na,C0^ (113 Btu/lb, 

$0. 03/lb) appear attractive in approximate temperature regimes 
of 1300“F and 1500®F respectively. 



mcnMmcM, 

rtomOL09* 

r«CO«FOiUTt» 
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SALT TESTS EXPERIHENTAL RESULTS 
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• N« 2 C 02 *B«C 0 ^ alxturt it an attraetlvt lov«eott ($O.OB/Ib) «lx- 
turt for I300*F applieatioot. 

• 85 Bolc-ptrcant Na^CO^ and IS mola-parctnt talt aolxdifi«d 

incongrutncly ovtr a range oi; 1445 co 1364*F. 

• CaCO^ and NaCO^ vtre chemically stable at mlxturet vlth alkali 
carbonates over a range of 1200 to 1300*F. 

e Carbonates can be melted and safely loaded in air environments. 

e Chlorides and fluorides require more sophisticated handling* 
fabrication and operation procedures. Their vapors are toxic 
in air and they must be handled and cycled in dry. inert 
environments to avoid accelerated containment corrosion by 
oxygen/moisture contamination. 

e 304 and 316 stainless steel demonstrated good compatibility over 
a range of 700 to 1200“F. 

e Prolonged operation above 1200®F results in salt creepage 
and Increased oxidation, carburization, grain boundary car- 
bide precipitation and brittle sigma phase formation in 
austenitic stainless steels. Use of superalloys may be 
required. 

e Baseline thermal discharge characteristics and heat fluxes 
at the order of 12,000 to 24,000 Btu/hr-ft^ with storage ca- 
pacity of 340 Btu units were established. 

Selecting two salts from Table 3-5, one with the highest heat of fusion, 
the other with the highest value of c, gives. 


Salt 

si 

Btu/lb 

c, 

Btu/lb-®F 

W, 3 

Ib/ft-* 

Cost , 
$/lb 

Melting 
Point, ®F 

rK 2 C 03 'Na 2 C 03 *] 
[.U 2 CO 3 I 

70 

1.0 

149.8 

0.11 

1310 

LijCOj 

261 

0.63 

131.6 

0.93 

1339 

The required 

masses and 

volumes of these 

two salts 

(for a final 

salt tern- 


perature of 165®F) are as follows: 


Sill 

Storage 

Capacity, 

Btu/lb 

Maas. 

lb 

3 

Volume, ft 

Cost of Salt. $ 

fK2C03*Na2C03| 

L*L 12 C 03 J 

1260 

33 

0.22 

3.6 

Li.CO, 

1041 

41 

0.31 

36 


ThcM nvtmbtri, likt the lithium fluoride previously considered, ere prsctl- 
csl end these sslts ere thus potential candidates. However, a point to be 
kept In the foreground Is that extraction of heat from these salts down to 
100*F may not be practical and storage at 1300*F may be a demand difficult to 
meet due to excessive Insulation levels. Also, while the cost of salts is 
low, the cost of the total system as projected from a solar heating system 
estimate, given in Table 3-5, would be $67 for the K^CC^*Na2C0j and $155 for 
the 

3.2.5 Sodium Sulfate Decahydrate * 

Sodium sulfate decahydrate [27] offers many advantages over competitive ma- 
terials for storage of thermal energy In the temperature range from 32®F ro 
approximately 100*F. The heat of hydration is comparable to that of the 
best of the paraffins; yet its thermal conductivity is approximately five 
times greater. Containment of the material is simplified because the solid 
phase is more dense than the liquid, so the substance contracts upon solidi- 
fication. Sodium sulfate offers the added advantage of saf<^ty and low cost, 
which is on the order of 3c - 5c/lb. 

To obtain working temperatures for cooling, other salts must be added to the 
sodium sulfate to depress its freezing point from the nominal 90*F. A mix- 
ture, consisting of sodium sulfate decahydrate and five other salts, as 
shown in Table 7-7, was added to decrease the solidification point to 55*F 
(13*0 . The mixture does not behave as a eutectic: the concentration of the 

solid phase Increases as the temperature decreases, with complete solidifica- 
tion occurring at approximately 9“F (-13*0. The effective heat capacity was 
found to be approximately 2 Btu/lbm-*F over the temper'iture range from 50 
to 60*F. 

*Known as Glaube-’r .it 
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The ratio of sodium sulfate to sodium 
sulfate and water Is 0.440, which is the 
exact ratio for Na_SO. - IOH.,0. 






T«*ti indicate chat tha aalt parforva aa if tha undiaaolvad anhydroua aodi- 
UB aulfata ia not abla to coabina with ita watar of hydration during the 
hydrating procaaa. Aa a raault, the haat of tr ana format ion la laaa than the 
theoretical 75 Btu/lb. In fact, the aalt bahavea aa if it had a variable 
apaciflc haat of approxlnataly 2 Bcu/lb»*F rather than aa a phaaa-change 
material. The phaae>change proceaa occura continually over a temperature 
range of aooe 55*F, although moat of the haat of tranafomation ia realized 
over a range of 30* F. 


Even taking the maximum poaaible value of 75 Btu/lb, and uaing a temperature 
range of 140*F to 66*F, the following weight requirement ia obtained; 


42.500 . 42.500 

75 f 2(140-68) 219 


194 lb 


No data for apecific weight are available, but whatever the weight's e;-;act 

3 

value, the volume required would be of the order of 1 to 2 ft . 


For the purposes of comparison. Table 3-8 gives information on aome of the 
commercially available phase change materials. This table is reproduced 
from "Solar Age" [28]. Using the information given in this table, the 
weights for storing 42,500 Btu are calculated and are shown in Table 3-9. 

3.3 Polyethelene Pellets 

A highly crystalline polymer, such as high-density polyethylene offers ad- 
vantages as a thermal storage material, if it is rendered form-stable so chat 
it does not flow on melting. Uncrosslinked pellets deform and flow into 
flattened discs upon melting, whereas properly crosslinked pellets maintain 
their original shape during the melting-freezing cycle. Long-term durability 
tests showed excellent hydrogen retention up to 1000 cycles. In terms of 
producing the least inter-particle adhesion, the best product is the sllane- 
grafted/crosslinked polyethylene resin [29j. As a heat transfer fluid, 
glycerin is found to be a suitable medium. 

The relevant properties of this polyethylene material are: 
e Melting point - 270"? 
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Phast-Changt 

Matarial 

Heat Storags 
Capacity 
(Beu/lb) 

Storage Weight 
for Storing 42.300 Btu 
(lb) 

1 

Paraffin 

11 

3860 

2 

Glaubar * 1 
Sale (1) 

22.8 

1865 

3 

Calcium 
Chloride 
Hexahydracc 
vleh Additives 

70.2 

605 

4 

Sodium 
Sulfate (1) 

66 - 91 

645 - 468 

5 

Sodium 
Sulfate C) 

35 

1215 

6 

Calcium 

Chloride 

Hexahydrate 

73 

581 

7 

Calcium 
Chloride 
Hexahydrate 
with Additives 

70 

606 

8 

Calcium 
Chloride 
Hexahydrate 
(Bisol ID 

76 

560 

9 

Glauber's 
Salt (2) 

81 

525 
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• H««t *)t Fusion - to Btu/Ib 

• Spoelfie Gravity - 0.96 

• Coat -90.2-0.3/lb 


For ehaaa proparciaa, cht naaa and voluat of tcorait aMcarlal raqulrad art 

3 

raapactlvaly 672 lb and 7. 9 ft . 

A coat study for a tolar acoraia ayacan glvan in Rtfaranct 29 yields the 
following aatinatas; 

0.94t par Btu for a liquid heat transfer medium 
0.79c par Btu for air circulation 

Theaa numbers ware obtained for an application diffarant from c>'a prasanc 
one, but if chase .':i.;mbars are projected to a passenger vehicle, the cost of 
the eyscom would be of the order of $400. 

3.4 Liquefied Case * 

Liquefied gases such as air or hydrogen can, from a practical standpoint, be 
considered only as candidates for vehicle cooling. Liquefied gases can be 
scored at atmospheric pressure at their respective liquefaction temperatures. 
Since these temperatures are extremely low, the gases would have to be kept 
in special, highly insulated containers. In addition, in the case of hydro- 
gen, special safety precautions would have to be taken if the gas were to be 
boiled off to the atmosphere, cr if a road accident occurred. 

Table 3-10 gives some of the liquefied gas properties relevant to the present 
survey . 

As shown, hydrogen has the highest heat of vaporization and also a very high 
specific hast. Of the gases, hydrogen will be discussed first. The refri- 
geration requirement is given as 42,500 Btu. 


Assumptions : 


a 


e 


T • 

^hot 

T ■ 

cold 


40*F 


■422*F 
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• Lat«nt h«ac of voporitoclon • 194 Btu/lb 

• Avoroft optclfic hoot ovtr the teop^rature range % 2.9 Btu/lb-*F 
e Density of liquid hydrogen ■ 4.3 Ib/ft^ 


Hence, the total cooling capacity over the temperature range 

- 194 * (40-(-422)J X 2.9 

- 1534 Btu/lb 


The weight of liquid hydrogen required ia: 


42.500 

1534 


■ 27.7 lb 


The volume of liquid hydrogen required is: 


27.7 

4.3 


• 6.4 f 


3 


Performing Che same calculation for Che ocher gases listed in Table 3-10, 

Che respective weights and volumes are given In Table 3-11. 

3.5 Organic Oils 

Reference (251 contains a brief dif.cussion of the potential use of special 
high-temperature oil labelled Therminol. The properties of these oils are 
given in Table 3-12. Table 3-13 shows the weights and volumes required to 
store 42,500 Btu, utilizing the highest usable temperature and assuming that 
heat is extracted until the oils reach a temperature of 100®F in the heating 
mode. In the cooling mode, the oils are assumed to be precooled to the low- 
est usable temperature and cooling is provided until their temperature rises 
to 50*F. 


3.6 Paraffins 

The material considered here is Shellwax 700, a commercial grade paraffin. 
Data indicate that paraffins have approximately the same thermal conductivity 
in the solid and liquid phases. Their thermal properties are shown in Fig- 
ure 3-4. Calculations [30] performed for a solar storage system using a 
heat of fusion of 63 Btu/lb showed the following trends: 


MBCHAMieM 
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TABLE 3-U 


WEIGHTS AKD VOLUMES REQUIRED FOR PROVIDING COOLING OF 42.500 Btu 


Llauld 

M«m (lb) 

Voluat (ft^) 

Air 

254 

4.66 


CM 

4.73 

°2 

255 

3.84 

«2 

28 

6.5 
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WEIGHTS AND VOL!!MES OF OILS REQUlkED TO STORE 42.500 Btu 










TABLE 3-13* 



Kef. 1251 
























• Th« coat of th« ayotaa (total) la twice aa aueh aa that of 
a coniparablo aanaibla haat water atorage ayatem. The main 
iten of expauae la the heat exchanger. 

a The optimum occurs when the heat stored is 851 of the total 
storage capacity. 

e The volume required is 2/3 less than an equivalent water 
storage system. 

For this case, considering again a range of 190*F to 120*F, the following 
is obtained from Figure 3*4. 

W - iiiiOO , 329 lb . 

129 

3 . 7 Sand 

Figure 3-5a taken from Reference [31] shows a possible scheme for a fixed- 
bed sand storage system. The sand is retained by concrete walls which are 
the least expensive method for such containment, except for the two opposing 
walls made of corrugated metal steel places. Holes in Che steel plate are 
spaced to align hoc water pipes passing through the sand volume. Header 
pipes are welded to the cubes Just outside the steel retaining walls which 
allows for easy replacement. In the charging mode, pressurized hot water 
enters the system, the heat is transferred from the hot water through the 
pipe walls and diffuses through the sand volume, heating the sand. In the 
extraction mode, cool, pressurized water enters the system via the same 
tubes. Heat is transferred by conduction from the sand to cool fluid which 
is circulated through the heat exchanger in the vehicle. 

In the cooling mode, cold, pressurized water is first circulated through the 
sand, cooling it. Subsequently, when cooling is required, water is circu- 
lated through the cold sand bed which is cooled, and in turn cools the vehicle. 

A limiting factor in the extraction (or input) or thermal energy from (or to) 
the fixed-bed sand system is the low thermal diffusivity of the storage ma- 
terial. One way to counteract this low diffusivity is to increase the 
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•urfact conduetanet batwaan tha plpaa and tha aand by aoving the aand with 
raapact to tha plpaa. Tha aand la fluldlzad or ochtrvlaa agltatad into 
■otion, tharaby incraaalng tha haat tranaftr potantial; thla coneapt la 
ahovn in Flgurt 3*56. In tha abaorptlon or charging moda, tha aand in fluid- 
iaad by an inart gaa aueh aa air or nitrogan, and will abaorb haat from tha 
plpaa which tranaport anargy in tha form of hoc praaaurlaad watar. Aftar 
aufflclanc elma haa paaaad to acora tha daairad quantity .*f eharmal anargy, 
tha bad la dafluidizad with tha aand atatlonary until anargy axtraccion 
commancaa. Tha low eharmal diffuaivicy of quiaacant aand racarda haat 
loaa, in addition to tha fact that tha ahall of tha fluldlzad bad la in** 
aulatad. In tha diacharga or axtraction moda, tha aand which haa ramainad 
at a high temperature will again be fluidized and the haat will flow from 
the sand to the pipes, which now have cool fluid running through them. The 
electrical energy consumption of tha blower necessary to fluidize the bed 
is on the order of 5T. of the thermal storage that Che system may contain. 

The advantages and disadvantages of fixed and fluidized beds are summarized 
in Table 3-14. 


The following are used aa a feasibility check of using sand [31, 32]: 

b -50 (for fluidized bed) 

hr-fc“-*F 


c 


- 0.195 


Btu 

lb-*F 


w ■ 65 Ib/ft^ 
Cost ■ $10/ton 

e 'V 900“F 

max 


With these numbers allowing 100*F at the end of the cycle, 

Q » W X c C900 - 100) 

42,500 » W X 0.195 (800) • 156 W 

WtCMAMlCAg 
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TABLE 3-14 


COMPARISONS OF SAND STORAGE SYSTEMS 


SytcwDS 

Adventagce 

Dlaad vantages 

Fixed Bede 

e Uncompllceced; 
few moving pares 

e High tube density 
required 

1 

i 

1 

a High reliabilicy 

t Low development 
risk 

e Low concalnmenc 
coats 

e Probable high 
system coat 

1 

Fluidized Beds i 

1 

1 

e Lower pipe coat 

e Parasitic power 
losses due to large 
blower 


• Improved 
performance 

e Large concalnmenc 
cost 



yitlding 


W • 272 lb 
V - 4.2 

Contldtrlnt the fact that a 900*7 aand taoperatura nay not bo advioablo and 
that tho bulk of piping, inaulation, ttc. , may equal or oxeoad the weight 
of the aand, aand would be an impractical ayaten for vehicle applicatione. 

3.8 Coropreeaed Air Energy Storage 

A general physical arrangement scheme for the utilization of adiabailc air 
compression for purposes of both heating and cooling is shown in Figure 3-<5. 
The charging part of the cyr^e consists, in all cases, of the adiabatic com- 
pression of air and its storage in compressed form in a well insulated con- 
tainer aboard the vehicle. The external power could be delivered to the 
system either by simply hooking on the storage vessel to an external air 
compressor, located in homes, gas stations, ...upermarkets, etc.; or the vehi- 
cle could have a motor compressor aboard, in which cate only an .•lectrical 
connection to the outside would be required. The latter is, of course, more 
convenient, but its price is the cost, installation, and weight of additional 
equipment . 

As portrayed in Figure 3-6, in the i eating mode, a circulating fluid would 
extract Che heat from the hot compressed air and pass it on to the interior 
of the vehicle via a heat exchanger. As heat is extracted, pressure and 
temperature in the constant volume storage vessel would drop. When the 4T 
would fall to a sufficiently low level, the system would have to be re- 
charged to its original thermodynamic state of high pressure and high temper- 
ature. lliis recharging can be done in one of two modes. A resistance heater 
can be used to restore the temperature to its original level (heating at 
constant volume); or the low pressure gas can be exhausted and a compressor 
used to charge the vessel with newly compressed air (adiabatic compression). 

In the cooling mode, the compressed air can be throttled to ambient pressure 
and exhausted to the atmosphere. On expansion, the temperatures would dre^, 
drastically cooling the interior of the car via a heat exchanger. For 
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eoollttt purpostti tCprlBg air tc • fuffieimtly low CMuppraturc po «■ to 
ylpld adpquptt ctappraturt diffpmtialt during throk*:ling My b« prpftrablt 
to eoapruMlng tho air adiabaeically. To tiapllfy tha arraagtMnt, a poa- 
•Iblllty My axiat to conatruec a alngla boat axehangar to aarva both tha 
baatlng and cooling modaa. Sinea it ia unlikaly that both ayataM would bt 
naadad during a givan period, it would only ba a mattar of eonnacting or 
awitchlng tha haat axehangar from ont mode of operation to the other. 

3.8.1 Feaaibillty of Svatema 

The relation between the thermodynamic propertiee of air for adiabatic con- 
preeaora is given by: 



Figure 3*7 gives this relation for air being compressed from atmospheric 
conditions of p^ ■ 14,7 psia and 80”F. Keeping generally to the temperature 
levela of the previous systems, the conditions of 400 psia at a temperature 
of 920*F can be used for the comprstsed state. The amount of heat chat 
would be extracted from compressed air (at a constant volume) would be given 
by: 

.) - Wc„ 

For our requirements, 

42,500 • W X 0.171(920 - 100) 
or 

W - 304 lb 

From pV • W RT, the volume required is; 

V . 30* X 53,3 X neo , 35, 5 j 3 
400(144) 

Thus, compressed is not likely to be a candidate for energy storage 
aboard a passenger vehicle. 
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Tb« vrltf-up on ehoraochaalcal •tor«|« tyttMit vlll b« ■od«tc for cht slap It 
rtttoD ehtc it It a n«« fltld and ralacivaly 2.ictlt inforaaclon la avallablt. 
Tbla llaitad Infoniaelon partalna not only t tht ayaetaia aa a ahola but tvtn 
vleh ragard to tost of tht chtaleal and chamal faacuraa of utlliaation of 
ehtat raactiona. 


Tht tytcao ucilizta a pair of ravtralbla anaonlaetd aalt raactiona; ona opar- 
acaa at ar alavatad tamparatura (170*F to 620*F) and tha ochar oparataa at 
a naar-ambiant (or balow) tamparatura [33]. Tha raactiona art ravartibla and 
tha procaaa raproducibla. Bacauaa tha lyatam can oparata clota to aquili- 
brium and haa no moving p^irta, it can poaaaaa an afficiancy cloaa to that of 
a Carnot cycle. Tha two laactiona alwaya oparata at aaaantially tha aame 
preaaura in a range from 0.5 to 4 atmoapharaa. Tha ayatam accapta thermal 
energy at an alavatad tamparatura, convarta part of it to chatuical energy 
and the remainder to near-ambiant tamparatura thermal energy. In ravarae, 
the ayatam abaorba naar~ambiant temperature thermal energy, adda tha atorad 
chemical energy and raganarataa the original thai'mal energy at cloac to tha 
original temperature. Becauae the ay stem atores only temperature-independent 
chemical energy and ambient-temperature thermal energy, loaaea to the envi- 
ronment can be made negligibly email and the atorage time can be infinitely 


Values for the heats of reaction and the reaction temperature at a pressure of 
1 atmosphere for each of these seven re- tf' 's are listed In Table 4-1. The 
respective vapor pressure curves are a m Figure 4-1. As can be seen 
from the figure and table, any s. rce temperature between 170 and 620*F can 
be utilized by pairing one of th» six reactions in Table 4-1 with 

the near-ambient temperature CaCl^ ^actiou. 

4.2 Liquid-Solid Reactions 

Tables 4-2 and ^<-3 give a listing ox a numoer of other possible thermochem- 
cal reactions. What is of pv- inent interest here, is that the average heat 
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Ref (331 







7) CaCl *8WL CaClv^Nli + 4NH 








i: 

^ TAILE 4-2* 

I EMEKCY CONTIMT OF CHEMICAL EWBRCY STORAGE KEACTIOH8 

EXCLUDIKC THOSE COHTAINIHG SOLIDS 

I 


Mae c toil 
Cio^rmie 

Iniocharmic 

Naction Eothalshy 
at 2M*R m*T) 

Taiparacurf 

(*K) at which 


leu/lb 

908 form4 

901 Oiiaaeiacad 

co<e) 

♦ »2(C) r Cl^(C) HjO(t) 

\345 

3.160 

• 

• 

C0(C) 

• 3lI(C) : CH^vC) ♦ H.O(C) 

6a093 

2.604 

754 

1.466 

C,H, (C) ♦ Hj(C) : C,Hg(C) 

4 a 561 

1.962 

841 

1.205 

3C0iC) 

• :»j(C) : CM^fC) • coj(c; 

4.118 

1.772 

778 

1,132 

CD(C) 

• 2K^\c) Z CHjOHdL) 

3 a 996 

i.ris 

343 

-34 


* JHjiC) Z ZSHyl) 

:a96; 

1.661 

• 

• 

S,(C) 

ft 

♦ 3Hj(C^ Z 2!«3(C) 

2,695 

1.159 

346 

'72 

2N0(C) 

0,CC) : 

1.750 

753 

549 

930 

$0j(C) 

* Air Z S0j(C)»* 

1.544 

644 

806 

1,270 

SOjCL) 

• 1/2 0j(5) Z SOjd.) 

1.312 

652 

792 

1,235 

S02(G) 

♦ 1/2 Oj(C) Z *0,(0) 

1,235 

531 

792 

1.235 

M0(C) 

• 1/2 0,(05 Z N0,(0) 

1.243 

535 

549 

33 c 
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o 

o 

♦ cijd) : cocijd) 

1.172 

504 

628 

581 

S0,(G) 

♦ MOj(C) : S^Oyl) 

933 

401 

288 

361 

$0j(U 

• H,0(L> : HjSO^a) 

S65 

381 

535 

723 

SC,vO) 

• Air 2 503 (C) 

727 

313 

806 

1.270 

M0(C) 

♦ 1/2 Cljd' Z 

695 

299 

-25 

319 

* 

♦ HjSO^d) r HjSO^’HjOd) 

230 

99 

• 

• 

I For coaparltoo! 





H2(C) 

♦ 1/2 0,iC^ : HjO(O) 

13.423 

5.775 

2.830 

5.600 


*»•/ (23] 

5«tad on SC^ wtignt only. Air epon cyclt. 
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of rtaeclon !• of tho ordor of liOOO fetu/lb. Thus, any of thtto ■yitcnui could 
bo 0 condidoto for vohlclt onvlronaontol control. Tht velght rtqulrtd would 
bo of tho ordor of 60 lb. Tho voluao roqulrod for tho goooouo phooc would 
foret tho oxcluolon of noorly oil of the rooctlont glvon in Toblo 4-2. In 
Toblo 4-3, 0 number of reoctlone involve only the eolid-liquld phoees. From 
among theoe, the potential candidates would have to be examined. As con be 
seen, some of these resetion belong to the familiar ammoniated salt families, c.g. 

CaCl 2 (•) + 6NHJ (O C (COCNH^)^) CI 2 (s) . 

However, this formula's resetion enthalpy is only 90 Btu, requiring a weight 
of the order of 450 lb, which is forbidding. 

4.3 Hydrides 

4.3.1 Lanthanide Hydrides - Ni ^LaH^ 

Inttnoetallic lanthanide compounds such os Ni^La absorb large quantities of 
hydrogen near room temperature and at a few atmospheres of pressure. A com- 
pound Ni^LaH^ is formed where at fixed temperature the pressure is virtually 
constant as x varies from 1 to 6. If the compound is in contact with hydrogen 
at a pressure above the absorption value, hydrogen is absorbed when the h^at 
of absorption is removed until only the hydrogen-rich hydride is present. 

If the pressure is reduced, hydrogen is liberated at constant pressure until 
the system is almost exhausted, in a manner shown in Figure 4-2. At 4 
atmospheres (and below about 110°F; sucl compounds store hydrogen at a density 
which would only be obtained under 1000 atmospheres for gaseous storage. 

4.3.2 Iron Titanium Hydrides - FeTiH ^ 

Iron titanium hydride (FeTiH ) is a decomposable compound that can serve as 
a hydrogen carrier at ordinary temperatures and moderate pressures. Table 4-4 
shows Che compound's properties. As shown in Figure 4-3, the value of >: in 
this intermetallic compound approaches two, under equilibrium conditions, 
using ultrahigh purity hydrogen (>_99.999%) at 1000 psia. 

The manner in which the equilibrium pressure of hydrogen varies with hydride 
composltijo is shown in Figure 4-3 for a system temperature of 104®F. 

Tic 
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TAdLE 4-4 


PKOrEKTlES OF HYPRIDES 


Proparty 


MgHjj (lOwtX Nl) 

Hydrogen content (weX) 

1.5 

5.2 (6.9 equilibrium) 

Bulk deneicy (Ib/ft^) 

200 

56 

Heat of dissociation (Btu/lb H 2 ) 

6,300 

16,650 

Heat capacity (Btu/hr**F) 

0.15^ 

'.25* 

Thermal conductivity (Btu/hr-*F-f t) 

1.0^ 

0.3^ 


Estimated 

^Granular liolid in hydrogen at 1 atmosphere 










I 

I 



Atomic ratio, H/(F«+Ti) 


Fig. 4-3 Pressure-Composition Relationship 
for FeTiHjj at 40*C (104*F) [34] 
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l«par«tiofi of tho uppor eurvo for hydro|on rooeeion, and clia lowar eurva for 
hydrofon dlaaociaclon, daaerlbaa • hyataroaia affaet eharaecarlatlc of cha 
ayataa. During hydrldlng, tha aupply praaaura nuat axe*ad tba raaction 
praaaura to provlda a driving forca for eha raaction and aiallarly» during 
dahydridlng» tha dlaaociftion praaaura nuat axeard tha praaaura of tha ax* 
tamal ay a tan. 

Tha lov thart:<l conductivity of tho hydrida la tha raatrlcting factor in tho 
ovarall haat tranafor eoaffieiant. Varloua other facata of FaTlH^ bahavlor 
conplieata Ita uaa aa a atoraga nadiuoi for hydrogen. Zmpuritiaa in cha 
hydrogan, auch aa oxygen or vacar vapor, can poiaon cha bad and reduce lea 
atoraga capacity. Partiela aecrltion occura during hydrida*dahydrida cycling, 
and volumetric axpanaion during hydriding offara additional comp Heat Iona. 

4.3.3 Magnaaiure Nickel Hydride - MaH ^ 

Tha hydrida of Mg (10 wt% Ni) alloy atoraa hydrogan revaralbly and la a 
potential hydrogan carrier. Aa ahovn In Table 4*4, lea denalty la conaldar* 
ably lower chan that of FaTlH^ and ita hydrogan content much higher (5.52 by 
weight). MgH^ operating temperature la cloaa to 570*F, and Ita heat of 
diaaociation, approximately twice that of FaTlH^. 

The beat known alloya are MgCu and MgNi. Both require heating to 572* F to 
function aa ptorage media. The alloy recommended for practical uae ie MgNi 
(102 Ni by weight). Thla alloy containa about 6.92 hydrogen by weight at 
equilibrium, anl can probably atore about 5.2% hydrogen under dynamic condi* 
clone. The Mg alloy 'a heat of diaaociation and other propercica of intereac 
are Hated in Table 4-4. 

The alloy containing 10% copper by weight haa aimllar properties and behavior; 
two iaocherma for lea diaaociation are ahown in Figure 4*4. Both the nickel 
and copper in cheae alloys act as catalysts in the formation of MgH^ over the 
composition range corresponding to Che pressure plateau. 

Iron titanium hydride is a relatively benign material whereas magnesium-based 
hydride requires materials capable of withstanding its pyrophoric tendency. 
Hydrogen gas release from these materials is a potential hazard. 


Dissocial: i€m Pressure, atn 


M 


Initial alley 
coBposlcion 90.5 vt7. Mg 


9.5 vc2 Cu 



1.0 




0.1 


•6 


1 


1 


0 0.8 1.6 


Composition H (Mg * Cu) 


Fig. 4-4 Pressure-Composition Relationship 
for Dissociation of MgCu Hydride 
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Contldarlng only eho hnac of dlooociaelon of thooo hydridoo. thoir poconclnl 
•cornit enpnclcy U •• follovot 


Hydrldo 

dBounc • 
lb 

Hydrogen • 
Ib 

Hone of 

Dlasociaclon. Ecu 

VoIlM* 

FeTlHjj 

450 

6.75 

42,500 

2.25 

MgH^ 

50 

2.60 

42,500 

0.90 


Thus, eh* magntBlum hydrld* i* on* of eh* mote actracclv* mactrial* for 
purposts of car haaelng or cooling, provided ch* previouslv m*nclon*d com- 
plicaclona can b* overcome. 



tt Ci nit— f 
iwcotido— fH 
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S.O COMCLUtlOWi 

Ovtr 10 •chtMt v«rt ttuditd to dtctniino thoir ouicobility for |»rovldlng 
hooting ond/or cooling of oloetrlc vohlvli posoongor eonportaonto . Fro- 
llninory eoleulotions indieoto that nora than 30 of thoaa oehoaoo ora eopoblo 
of bolng dovolopod into practical cchanaa without undue panaltiaa on vahielt 
weight and propulaion energy uaage, and hence f on vehicle range and perfor* 
nance. 

More echenee appear to be available for heat than for cooling. However, few 
heating achemee have been identified which will weigh leae than 60 lb and 
will be emaller that*. 0.5 ft^ to provide adequate heating at aabient tenper> 
aturee aa low aa >10*?. Some of the achemee are attractive enough to con- 
sider metalling one for cooling and one for heating while rrtaining a 
practical package. Six twhemee arc capable of providing both cooling and 
heating, with ceecncially the came hardware, by only a change in mode of 
operation. 

On-board storage of petroleum fuel is required only in three cafes. In most 
of the ocher cases, energy is scored directly in the form of heat (or cold). 
In some cases the energy is scored in chemical form. 

The nature of these casks in the study was only to Identify and describe 
various schemes. Hence, only preliminary calculation were performed to de- 
termine their viability in gross terms such as approximate weight and volume. 
In the next cask, many of these schemes will be eliminated, and a few of the 
more promising schemes will be pursued to develop more detailed information. 
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1. Cttff.l Appro«c h 

Tilt Environotnctl Control SyttMt (ECSt) for tltctric vchicltt dltcutttd in Apptndlx C 
•rt to bt ranktd with rttptct to • nuabtr of crlttria teltcttd for tbtir laporttnct to 
•yttem ttltction and uat. A achcne for dctaminlng ralatlve, quantitative acorta, 
dtrivad from the generalized foniula aet forth by JPL in ita RFP for thia work, ia: 


M M 

Score (eystein) Where (1) 

i"l l*l 

W • the weighting feetor aaslgned to the "i"th criterion to 
define ita importanca relative to the other criteria 

S. ■ actual acore given to the ith criterion for this 

aystcn 

The ranking scores are to be developed from this formula by the following process: 

e Defining the criteria to be applied to the rankings. 

e Assigning iei»tlve weighting factors (W.) to the criteria. For each 

criterion, a W is thus established that describes the relative importance 
of the criterion to the systems' total score with respect to all other 
criteria. 

e Quantifying for each system, a set of values for the S^s (i»l, , M) 

from the system evaluation data. 

In order to apply equation (1) correctly it is necessary that scores be non- 
dimensional cuanticies. This is achieved as follows: 

e Select one particular system as a reference system. 


a Give a score of 1 for each of the criterion for this reference 
system. Thus for this reference system: 

■ 1 (For 1-1, 2 M) 


and 

Score System 



• For any other system obtain the score for "i" th criterion by comparing 
the system under consideration with the reference system for that particu- 
lar criterion. This comparison is made to determine how much "better" (or 
more desired) a given system is from the consideration of "i" th criterion. 
Thus, for the cost criterion, the lesser the cost the better; while for the 
storage period criterion, larger values are considered more desirable. For 
example, let us consider that we want to arrive at scores S^^ and $2 ior 
criterion cost (criterion 1.) and volume (criterion 2) for system A. The 
following table shows the values for system A and another system B which is 
selected to be the reference system. 


MtCHAiaCM 


- 1 - 


2 day* 
5 days 


Syataa Coat 

A $500 

B (Rafarence) $700 


From th la Inf orma cion tha acoraa S. and S. for ayataa "A" ara workad 
out aa follova: 

S ■ ^^0 a Valua for rafarenca avatem 
500 Valua for ay at am A 


- 1.4 

c a 2_ a Va^-uo fot avatam A 
^2*5 Valua for rafaranca ayatam 

- 0.4 


Note: Both and S 2 are non-dimensional quantities. For the 

cost criterion, smaller costs are desirable. Hence in 
working out the nondlmensional score S^, the cost of the 
reference system is in the numerator. '^Thus, systems with 
smaller costs will receive scores greater than 1, Indicating 
that they are better; while the system with higher cost will 
receive a score less than unity. Indicating that it is a less 
desirable system. The magnitude in either case is an indicator 
of the degree of desirability. 


In the case of the storage period, the reverse is true. Hence, 
the value of the reference system is in the denominator. This 
gives a system with higher storage period a score higher than 
1, indicating that it is a more desirable system. 

• For each system, establish a score from equation (1). 

• Rank the systems according to their overall scores. The process 
is structured such that the better scores will be associated with 
the higher total values. 

Technologies evaluated in this report are for the most part not sufficiently 
developed to allow for Immediate design, manufacture and Incorporation into electric 
or hybrid vehicles. There are thus two major groups of focus In Judging the relative 
value of the ECSs: the manufacturers (automobile, and ECS where different) that 

would incorporate the systems into the vehicles; and the vehicle purchasers. The 
purchasers are ulitmately the more important group, since they will make the purchase 
decision. However, the choices and concerns of the manufacturer are important, since 
this Is the group that will select the system or systems that will be offered in the 
vehicles. Over any given period, a small number of systems are likely to be developei 
and offered in the commercial vehicle. 


In addition to addressing the concerns of these two groups, the ranking must consider 
the impact on national concerns (energy management, environmental quality, vehicle 
safety, etc.) that the ECS options present. At this stage, the choice of technology, 
may have the chance to affect energy manae.cnent patterns (ECS system efficiencies, 
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fu«l type ut«d on - and off - board, ate.). Uaa of auch a crltarion aa anargy 
afflelaney la Ivpertant for eht ranking achtna for this atandpoint, although the 
anargy afflelaney of ECS alona alghc not appraelably affaet purehaaar or manufaeturc: ^ 
eholea prafaranea. Othar national eeneama aueh aa vahlela aafaty and anvlronnantal | 
9 uallty nuat alto ba eonsldarad: ragulatory prograaa aay plaet lialta on aeeaptablltii 

that auat ba aat bafora a ayataa ean ba fuchar eonaldarad; purehaaar and aanufaeturce 
prafaranea aay hava an additional lapaet on ralatlva ECS ranking froa thaaa atand> 
pointa. 

Tha eholea of ranking erlttrla and waighting faetorc (W ) la thua aultl-diaanalonal. 
Savaral vlaw*polnta auat ba eonaldarad on thair davalopaant. Tha nawnaaa of tha 

t^chnologias 'of ECS and vahlela, alao lialta tha ability to apply aaaninaful ouancltt" 
tachnlquaa without auch aora aubatantiva data. In viawing thia aituacion within 
tha liaitad acopa of ranking taaka availabla at thia tiaa, M7I haa ehoaan to uaa 
an approach for quantifying the acoras baaad on ita axparianca gained during tha 
project. 

In theory, the evaluation of a wide variety of ECS options as they offer potential 
for effective use in the vehicles has afforded. the project taaa with sufficient 
experience to structure a aeanlngful set of criteria, to weigh thair relative 
ioportance to the ECS * overall score, to develop quantified information on the 
criteria, and to then rank the ECS'a baaed on the overall scores from Equation (1). 

The strength of the results, however, depends mainly on whether the reader agrees 
with the approach MTI has taken. It is possible to take another approach that 
would provide an entirely different set of rankings. 


2. Criteria Definition and Weighting 


The ranking criteria and their weighting factors are shown in Table 1. They 
are grouped into four major groups of criteria chat identify separate types of 
system characteriatics: 

a Capital Cost Characteristics , including first coat and system life. 

a Use Characteristics , including storage period, range impact, energy 
efficiency and maintenance cost. 


a Environmental and Safety Characteriatiea . including consumer perception 
of safety, noise, and other environmental impacts. 

a Development and Manufacturing Characteristics , including weight, ease 
of packaging and volume, and development cycle through commercialization. 


2 . 1 Capital Cost Characteristics 


The first cost (W. *25 ) is viewed as the most important single criterion. All 
else being equal, ^oth the consumer and the manufacturer will select the least 
cost alertnative. For at least the first years of heavy electric or hybrid 
vehicle use, the consumer will be presented with a relatively expensive vehicle 
compared to ICE vehicles. The first cost of components will thus be important 
to control. The v®hlcle manufacturer will take a similar view with the intent 
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of bolBg coapotltlvo vlth th« prudueto of othor vohlelo.aonufoecuroro. For o 
toehnology at tho otago of dovalopi&rAt of Boat Kf optiona, Cha foetia of tba 
■anufae tutor, who will have a larga ioput into ayataa aaloeeioB, la vary li^rtant. 
Xn addition, a nuabor of tba ECS altamativaa raquiro auxiliary oquipaant (o.g., 
baatara or rafrigarant aquipaant in tha garaga) that can add a aignlficant 
aaount to first cost. Out of s total of 100 points for all weighting factors, 
tha first cost is given 25 points. 

Systaa Ufa is also an Important consideration for ECS options vhosa proj acted 
useful Ufa la significantly lass than tha useful lift of the vehicle. Such a 
dlscrapancy can add to tha consunar'a perception of capital cost. A good example 
has bean the short (2-3 years) projected life of currently coouDarcial power 
batteries for electric vehicles. This short life la a significant factor In 
Increased market penetration of chase vehicles. The system life Is given a 
weighting factor of 5 points. 


table 1 

cb:ter:a aw associates wc:5HTi;ic tactors 


CrlttrLOT) 

r.9g: Chtricctriscicf : 

1. Flu: Coit 
Syitds 

’Jftd ChAracttrLtcict: 

3. RAXiif lopaet 

Energy Efflcitney 

5. Srertge Period 

6. Meinreinenee Cost 

7. Pericr^ncf Impect 

EnvirDnoenteX end Sefeey Cherecteristlce: 

h. Coneuaer Perception of Sefety 
9. Syecea ^:oific 

:0. Other Environxnencel lapecte 

Development end Menufecturing Cherecteriitice: 

Eeec :f Peciceging end Volume 
12. Development Cycle Through Comaercielizerlon 

TCTAX 


WelEhcini Factor 


5 


10 

5 

5 


5 

i: 

5 



2.2 I'se Characteristics 

Five criteria are included in this group. They are: 

Impact on Range 

Energy Efficiency 

Storage Period 

Maintalnance Cost 

Impact on Acceleration Performance 
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* Ob th* •urfae* the rtn|« of oloetrlc vohielo oppooro to bo eontldorod oo • 

prodooinoDt; borrior for ouecootful introduction of oloctrie vohieloo. Rowovor tho 
otntiotic.4 which wo hod citod in our roport on "Trovol Sconorioo" MTX Roport 
' Nunbor MTl B0TR46 July 3| I90O| ohowo thot work rolotod trovol in of tho ordor of 

22 alios 0 doy and shoppini ond othor non-work rolotod trovol is of tho ordor of 
j 20 alios s doy> Most oloetrlc vohiclos undor dovolopaont now ond in portieulor 

I D.O.E. *s ETV-1 hos o rongs for oxeoodini those roqulroaonts. 

Tho iapoet of ECS on rodueint tho rongo of oloetrlc vohiclos conos froa two 
I roosons: 

1. Sooe ECS schomos would require using energy fron on-boord 
botteries and hence less energy will be ovolloble for pro- 
pulsion unless odditlonol batteries ore provided for taking 
care of ECS needs. If in fact the additional batteries provided 
for this purpose ore conpotlble with Chose used for propulsion, 
they will increase the range on most days as ECS energy require- 
ment is only a fraction of the maximum on most days in a year. 

2. T^e added weight requires more energy for propulsion per 
mile. However, Che reduction in range due to this is 
relativelv small unless the ECS weight is prohibitively 
high. 

It therefore appears, chat adequate range will be available for routine needs of an 
average family even chough a slight reduction In available range occurs due to 
Inscallatlon of ECS. 

However, from a consumer perception the reduced range might be a serious handicap. 
Thus, Che weighting factor of 10 Is considered to represent Che relative Importance 
of the impact of range reduction. 


2.2.2 Energy Effic iency 

The number of hours of utilization of an electric vehicle or for that matter any family 
automobile is very low. Our report on "Travel Scenarios" cited above in the Section 
2.2.1 refers to a statistics showing a weekly use of car in the order of 10 hours. 

This amounts to only 500 hours a year. Combined with this is the fact that the full 
capacity of ECS is used only on a rare occasion. Such a rare occasion being longest 
driving time occuring at the worst weather conditions. This being so, annual energy 
delivered by ECS for space conditions of the passenger compartment can be estimated to 
be of the order of 1 to 1.5 million Btu a year. 

If one assumes reasonable values for efficiencies, the yearly energy budget for pro- 
viding space conditioning is in the order of 2 to 2.5 million Btu. 

Additional energy consumption will result from carrying added weight around 
all year. However, the effect of this is to be considered elsewhere. 
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Xt !• thiit el«ar» th« th« utriy •ffieitney of tho ICS lo • eonoldorotion of rolotlvoly 
minor iaporeanco. Tht annual anargy variation baevaan lOOX officiant and SOX 
officiant ayatoB balng at tha noat aqulvalant to 10 gallona of gaaollna. Banco, a 
valghtlng factor of 5 la aaalgnad to thla criterion. 

2.2.3 ftoraaa Farlod 

SoM of tha ECS achanaa utlllca thamal atoraga at hlghar than aablant taaparaturaa 
for haa ting achanaa and lovar than anbiant taaparaturaa for cooling achanaa. In 
aueh achanaa tha atorad haat la alowly loot fron tha thamal atoraga davlca. Tha 
rata of auch haat loaa dapanda on tha axtant of thamal Inaulatlon provided. Tha 
laval of Inaulatlon that can ba provided la llnltad for raaaona of apaca and coat. 

In auch achanaa, tharafora, tha period over which uaaful amount of energy can be 
extracted la rather limited. For noraal uaa a period of 10 to 12 houra Is all 
that la needed, tha energy being recharged at night. However, for exceptional 
uaaa a longer period of atoraga might ba daalrabla. An axanpla of aueh uaa la 
parking tha car at the airport when one la going on a bualnaaa trip. Xt la 
conceivable though, to be able to taka care of auch oddltiea, once an appropriate 
infra-atructura particularly aultabla for electric vehicles la developed. Thus 
Che storage period la important only in the early phases of electric vehicle 
commercialization. The relative Importance of this criterion la considered to 
be represented by assigning a weighting factor of 5. 


2 . 2 .d Malntainance and Operating Coat 

A rational buying decision. In theory, requires looking at life cycle coats - in 
which tine value of money is appropriately considered. In auch analysis the first cost 
has higher weighting than the recurring costs during the lifetime of equipment. 

A life cycle coat analysis can be perfomad with reasonable accuracy only in the case 
of equipment which has a minor design modification from the equipment which has been 
in service for an extensive period. For newly developed equipment, the accuracy 
of life cycle c*^st is such as to not warrant detailed work as a large number of 
quantities required for auch analysis are uncertain. We can take into consideration 
this effect equally well by assigning a weighting factor of 10. 

2.2.5 Impact on Acseleration Performance 

The weight of ECS affect's the vehicle in three ways: 

a Added structural weight to support the ECS. 
a Reduced range due to increased energy consumption, 
e Reduced acceleration performance. 


The first item will result in increased vehicle cost and will also affect the other 
two. The impact of second item is considered a criterion in 2.2.1. 

As regards the third item we observe that the electric vehicle acceleration performance 
is already very poor. Addition of weight will directly reduce it further. This is 
therefore an important consideration for selection between various alternatives for ECS 
and is given a weigh'iing factor of 10. The relative scores for this criterion can be 
determined from the relative weights of on-board components of different ECS systems. 
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2.3 Environ—wfl and iaftw ChracUrtitict 

It 1« Msua«d that all faaaibla ICS* a vlll aaat alnlaua lovarnaant anvlronaantal 
and aafaty atandarda. 

Conauaar pareaptlen of aafaty aay affact aceaptanca of an ICS and la flvan a 
val^htlni factor of Spolnta. Xn aoaa caaaa rafardlaat of tha actual aatoty of 
•quipiMnt, the perception of aafetv bv the conauaer aay affact ECS aarket penetration. 
Thla particularly appliaa to technolotlea that have not, in thalr lanaral fora, 
bean uaad In on>the*>road vahlclaa to data. 

Syetaa nolae la alao a conaldaratlon. Focua la placad primarily on Internal nolae 
levala, although axtamal aalaalona will become a conaldaratlon for particularly 
nolay ECS optiona. Syatem nolae it given a weighting factor of 10 pointa. 

Other environmental impacta, auch aa air pollution and hazardoua matariala raleaae 
at ECS failure, are given a weighting factor of 5 pointa. Moat auch impacta will 
be alleviated by meeting regulatory requirementa . The criterion thua maaaurea auch 
incremental environmental impacts as air emissions below regulated levels. 


2.4 Development and Manufacturini Characteristics 

Ease of packaging and volume are treated in this group as considerations 
applying to the development and manufacturing. The impact to the consumer of these 
effects is included above in other criteria auch aa range impact. This criterion 
thus measures the limits placed on development and production design by the ECS. 
This criterion is given a weight of 5 points. 

The volume of an ECS is important only if it is excessive. More important than 
volume is the ability to distribute the volume throughout the vehicle in a manner 
that can make use of available space within the vehicle envelope. 

Each ranked ECS option is considered to be a commercial possll'.xlty within the 
near tern. The ECS options, however, would need different development periods 
hofore commercialization would be possible. Thus, within the general limits of 
acceptability, each ECS is given a ranking for this criterion. The criterion 
is given a weighting factor of 5 points. 
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1.0 IWTHODUCTIOW 


A ranking achant la davalopad In Appandix D. To foUov that ranking achama, 
■tarka had to ba aaalgnad to dlffarant crltarla for avary ayataa. Thaaa 
aMrka for any glvan ayatam wara obtainad aa followa. 

A concaptual achamatlc vaa davalopad for the ayatem raf looting all the func- 
tlona the ayatam la raqulrad to perform. Very preliminary calculatlona 
were performed to determine the sizaa of varloua components of the system. 

In such calculatioriB, reasonable engineering Judgment was employed, baaed 
on previous experience with similar systems. 

The weight and volume of the part of the system carried on the car was evalu- 
ated from these preliminary calculat Tons. The weight information was used in 
the formula for determining the reduitlon of acceleration and ran;’,e. 

The costs were determined next. In somi cases, costs were determined with 
reasonable certainty due to the similarity with systems available in the 
market today. In ore case, a detailed proprietary cost study of a similar 
system in a different rating was available. This study was used to project 
the cost of the system with projections and modifications based on system 
characteristics, engineering judgment, and experience with similar systems' 
manufacturing cost studies. In other cases, cost was determined by obtain- 
ing information on materials cost from telephone inquiries, made with volume 
production in mind. The total cost of materials was obtained by summing 
the costs of materials for the individual components. The labor cost with 
burden was assumed to be $1. 50/lb of hardware material, which is typical of 
similar equipment. A profit of 205; was then added to obtain the retail 
selling price i;, terms of 1981 dollars. 

Assigning marks to the other criteria was based on judgement, since deter- 
mining them more accurately will require work which is beyond the scope 
and nature of this study. 

In the following paragraphs, calculations and the rationale used for each of 
the systems retained for ranking are presented. 


E.l CASOLlNE-ENCIWE-DKIVPI.HtAT-ACTlVATBI/ HEAT FUKP 


This lyscra wat choaan •• cha baaa lina ayatas for tht Eankina atudy Minly 
bacauaa accurata data wara avallabla for quantifying aach of tha rating 

paraaatara. 

E .1.1 Firat Coat 

Coat waa datamlnad In tha following faahlon. First tha haat axchanget ra- 
frigaration loop coata wara datarminad and than tha angina drivar coata were 
datarminad. Total coata wara aaaumad to ba tha aum of thasa two. Tha coat 
quotea for thla and all othar aystama ara at tha uninatallad ratall prica 
level. Rafrigeration loop coata wara aatabliahad from convantlonal car 
air-conditioning ayatam prices. 

Tha price of an after-market packaged air-conditioning system for tha capa- 
city size of interest is quoted from a local dealer at $^25.00. This prica 
was increased to reflect the difference between refrigeration loop coats 
for residential heat pump versus refrigeration loop coats for a residential 
central air-conditionin| system. The ratio is typically 1.5. This led to 
a refrigeration loop cost of $650.00. Assuming a refrigeration loop COP of 

3.0 in the cooling mode led to a required engine power of about 2.25-hp shaft 
output power. 

An air-cooled Onin gasoline engine model OJAl was selected as a typical prime 
mover for power requirement in this size range. The engine efficiency is 
equal to 20T., and the engine weight. Including fuel tank and control system, 
is equal to 80 lb. A local dealer quote of $100.00 for this engine package 
was established. 

Therefore, the total cost for the gasoline-engine-driven, heat-activated heat 
pump was set at $750.00. Both the refrigeration loop and the engine are 
rated for operation of greater than 3000 hours (typical of vehicle operating 
life). Therefore, system life was assumed to be adequate and a rating of 

1.0 was given. 


“* ■■ 
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1.1.2 l«nf lapact 

Tht iapact of tho ECS on vohiclo range vae aatabliahad froa two aaparata eon- 
aidaraciona: additional weight and paraaitic power required. Total weight 

for thia eyetem waa equal to 175 lb. The formula that wae uaad to indicate 
the reduction in range due to weight ia given by: per unit range reduction 

■ 0.00026 X ECS weight. Total weight impact for thia ayatem ia 4.6* re- 
duction in range. 

Paraaitica are aaaumad to run continuoualy during the operation of the ECS. 
Under maximum utilizationt the ECS would be operated for about 2 1/2 houra. 

The Impact on vehicle range due to the paraaitica waa determined by multi- 
plying the paraaitic power requirement by 2 1/2 houra. It waa further aaaumed 
that the paraaitic power waa aupplied by the vehicle battery pack. There- 
fore, the reduction in range waa equal to total paraaitic energy demand 
divided by 18 battery packa of 1 kilowatt-hour energy each. 

Paraaitic power to drive the evaporator and condensor fana was eatablished 
by looking at typical power requirements for standard heat pump equipment. 

In the residential class equipment under 3 tons, paraaitic power I'equire- 
ments of about 243 watts per ton are typical. Baaed on nearly a 1 1/2-ton 
requirement, a parasitic power requirement of 365 watts waa established for 
this system. 

Parasitic power consumed for this vehicle was based on a parasitic load of 
365 watts yielding a range impact of 5%. The total range impact for the 
gasoline engine heat pump was determined to be 9.6%. 

E . 1_. 3 Energy Efficie ncy 

The correct evaluation for comparative purposes should be based on seasonal 
performance factors (SPF) using appropriate weather data, equipment effi- 
ciency characteristics, and daily utilization periods. Such calculations 
are considered beyond the scope of this study. 

For the purpose of this study, an approximate equipment energy efficiency 
value is obtained by taking tiu' average COP during heating and cooling seasons 
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•t tht aqulpiwnc 4«nlgn points snd roflsctlng this vslus to ths soure* of 
onsrgy. For else; trie onorgy, OOP vlll rsfsr to fossil fusl souress, ut Hiking 
33X convsrsion sfficisney fron fusl to wsll-plug slsctrlclty* For ths 
gssolins-sngJns-drlvsn host punp systsv, tht snsrgy offlcloncy nuabsr is com- 
putsd undsr the following sssumptlons: 

o Thtrmsl sfficisney of the engine >0.2 
s COP sunmer ■ 3.0 
o COP winter >2.0 

Hence, the energy efficiency number 



E.1.4 Storage 

For the gasoline-englne-driven eysCcm, a storage period was considered to 
be an indefinite period of greater than six months. 

L.1 .5 Mainten a nce, Costs 

An assumption was made Chat the gasoline engine would have Co be maintained 
at least once a year in terms of standard oil change and lubrication. The 
assumed charge for this was $20.00 for a one-year checkup. It was further 
assumed that the levelized maintenance costs for recharging the refrigera- 
tion loop would be an additional $15.00 per year, totaling $35.00 per year 
maintenance costs for this system. 

E . 1 . 6 Pe rforma nc e Impact 

The acceleration performance is mainly affected by the added weight. The 
reduction in the acceleration can be assumed to be directly proportional to 
the ratio: original weight < (original weight 4 the weight of the ECS 

system). Using a curb weight without the ECS for DOE’s electric vehicle 
ETV-1 of 3320 lb, the reduction in acceleration for this system is computed 
as: 
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accclsratlon raductlon ■ 33^5 ^ *0.95 . 

1 . 3. . 7 Conauaar Rlak 

Tht coBponanta Involvad In this ayatan ara comonly known and racognlsad by 
•oat conaufflara. Tharafora, tha conaunar-parcalvad aafaty rlak waa conslderad 
to ba low and a valua of 2 waa daslgnatad for thla ayaton. 

E.1.8 Noiae 

Noise levels for small gasoline (nlngle-cyllnder engines) are notoriously 
high. The noise level for this system was expected to be higher than any 
of the others considered, and a value of 10 out of 10 was given. 

E.1.9 Environmental Impact 

Electric vehicles are thought of as being inherently clean and quiet. There- 
fore, noxious exhaust fumes that would be given off by the gasoline engine 
could have a negative and undesirable impact upon consumer opinion. There- 
fore, a negatively high value of 10 out of 10 was given to this system. 

E.1.10 Packaging Volume 

Problems that would be encountered in packaging this system would be differ- 
ent that those encountered in standard automotive ai‘ -conditioning systems. 

A score of 5 was given to this system. 

l- ll De v elopment Status 

Development status was based on the six-point military development ranking: 
6.1 is basic research, 6.2 is exploratory development, 6.3 is advanced de- 
velopment, 6.4 is engineering development, 6.5 is field test, and 6.6 is 
full procurement. It was expected that for this system development activity 
would center around controls and system integration. Theiefore, a 6.35 ad- 
vanced development status was assigned to this system. 






1.2 5TIRLING-EMCIWE-DRIVEH. HEAT ACTIVATED HEAT PUMP 


E.2.X First Cost 

The Bane refrigeration loop coata aa for the gaaollne-englne-drlven ayatem 
were aaauned here. Baaed on MTI'a current development goala of the Stirling 
engine, a coat of $170.00 waa eatabliahed for the prime mover in thla size 
range, yielding a total ayatem coat of $620.00. 

E.2.2 Sy stem Life 

Life for this system was assumed to be greater than 3000 hours. A ranking 
equal to that of a gasoline-engine-driven system was given. 

E . 2 ._3_ _ Raiigtl 

The total weight penalty of 200 lb led to a range impact of 5«. A parasitic 
power requirement of ^15 w.itts led to a range impact of 6%, yielding a total 
Impact (’f 1 1 . (Tl)e power requirement for the combustor blower is assumed 
to be 50 watts.) 


^ • 2 -A Eff 

The Gssuir.pt ions made concerning el flclency were as follows*. 

a Engine efficiency - 0.4 
s Average COP of refrigeration loop • -?.5. 

Hence , 

energy efficiency number “2.5x0.4“l.0 
E . 2 . 5_ St o r a^fr Period 

The storage period for this system, like the gasoline engine system, would 
Involve storage of a liquid fuel, leading to an extremely long storage period. 

E . 2 . 6 Ma i n t ejia n c_e Cost 

Another feature of the Stirling engine is the requirement for little or ni' 
maintenance during the short life required in this appl Ic.-it ion . Since the 
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•ntirc syatcm is hsrastlcally ssalad, the asincsnsncs cost is assuncd to 
bs $10/ysar. 

E.2.7 Psrformsnce Impact 

Performance impact is computed by the formula given for the gasoline-engine- 
driven heat pump system. For this Stirling engine system, the ratio ■ 3320/ 
(3320 200) - 0.945. 

C. 2.8 Noise 

Engine noise would be extremely low. However, some noise would be associated 
with the combustion and evaporator air fans. The value of 5 out of 10 was 
given . 

E Enviro nment 

Emissions from the Stirling engine, both chemical and noise, are known to be 
relatively low. Therefore, a relative value of 5.0 was assigned. 

E . 2_. 10 .Pa c ka^i n^ and Volume 

The packaging for this system would be typical of air-conditioning designs. 
However, as the volume is expected to be larger than that of the gasoline- 
engine-driven system, a relative score of b was given to this system. 

1 1 ^De_ve_l o£m^n ^ St atus 

Stirling engine component development has to be established before this sys- 
tem could be viable in a system sense. The status is similar to 6.2 explora- 
tory development In a military ranking. A score of 6 was assigned to this 
system, relative to the 2 assigned to the reference system. 
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t.3 AODA-AltlONlA SPLIT MAT PUMP SYSTEM 


E.3.1 First Co«t 

Tabl* E.l is rsproducsd from sn unpublished cost study of sbsorption systems 
for best pumps. This study wss performed in 1975 for sn squs-ssmionis bssed, 
3-ton best pump. 

A split best pump system is different from the one used for the study In the 
following respects: 

e Some parts of the system are in the car, while the remaining 
parts are in the garage. 

e The rating of the parts on the car is 17,000 Btu/hr, while the 
rating of the parts in the garage is 700 Btu/hr based on a 
24-hour reprocessing period. 

e Storage facilities have to be provided on the car as well as 
in the garage. 

In order to arrive at the cost, the following procedure is used. 

1) List the components from Table E.l which will be required 
on the car. 

2) For each of these parts, assess how much of the total material 
cost Is capacity dependent and how much is independent of 
capacity. 

, , , . 17,000 

3) Add up the capacity-dependent costs and multiply by 

to reflect the smaller size required on the car, compared 
to the one used in the cost study of Table E.l. 

4) Add the following material costs to the number arrived at in 
Step 3. 

• Capacity-independent costs of parts on the car from 
Table E.l. 

• Cost of storage tanks for ammonia and weak solution. 

(Both tanks are assumed to be made up of steel.) 

• Cost of charging ammonia. 


TABLE E.l 


1 

! 

I 

COST ESTIMATE OF A 3-TON AQUA-AMMONIA ABSORPTIOH HEAT PUMP* 


Cooponcnt 

i Material Coat 

(1975 dollars) 



Generator 

23.0 

Absorber and Absorber Heat Exchanger 

18.0 

Liquid Heat Exchanger 

4.5 

Condenser 

15.0 

Evaporator 

24.0 

Precooler 

4.0 

Solution Pump 

52.0 

Water Pumps 

17.0 

Motor, Pump 

31.0 

Outdoor Coil 

85.0 

Fan, Motor and Mount 

24.0 

Burner System 

9.0 

Controls and Wiring 

38.0 

8-Kay Valve and Motor 

18.0 

Valves, Service and Relief 

6.0 

Sheet Metal and Grill 

34.0 

Charge, NH^, H 2 O, etc. 

1.5 

Capillaries, Connecting Tubing 

10.0 

Insulation 

9.0 

Miscellaneous 

10.0 

Crating 

8.0 

Total Materia] 

443.0 

Labor 

75.0 

Burden 225?,’ 

169.0 

Grand Total 

687.0 


*Production quantity of 30,000 to SO, 000 per year. 
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This procsdurc glvss ths Mtsrlsl costs of chs pares on ths car. The cost 
of fflsterial of the parts In the garage Is trarkad out In idantical ataps, 
axcapt that the heat transfer rate of 700 Btu/hr la uaed for determining the 
material cost of capacity-dependent parta. 

E. 3. 1. 1 Labor Cost 

The labor cost is worked out with the following assumptions: 

e 30/'. of the labor cost of the 3-ton system of Table E.l is 
capacity Independent. 

a The rest of the labor cost is directly proportional to the 

capacity 

e The labor cost of the split system is 30% higher than a 
single system. 

e The total labor cost of the 3-ton system of Table E.l is 
divided in two part: the car system and the garage system. 

The division of labor cost is assumed to be in the same 
ratio as the material costs. 

Now, it is shown later that the cost of materials of the 3-ton system can 
be divided as follows: 

Garage System * $297.30 
Car System ■ $132.00 

Hence, 

Materia l Cost for Car System _ 132 /v o 3 
Total Material Cost 4A3 


and. 


^ t ^ia 1 ..Cost f or_ Gar_a^e_ Sys tem ^ 296 
Total Material (lost 443 


0.7 


From Table E.l the total labor cost with burden 
• 75 + 169 * $244 . 
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H>nc«, applying the above aaawptione, the labor coat of the car ayataa 

- (244 X 1.5) X (0.5 + 0.5 x x 0.3 

- 366 X (0.5 ■«- 0.236) x 0.3 $81 

and, the labor coet of the garage ayaten 

- (244 X 1.5) X (0.5 0.5 x jJ^) x 0.7 

• 366 X 0.51 X 0.7 • $130 . 

E.3.1.2 Effec t on Inflation 

Thtf costs worked out under the above procedures are in terms of 1975 dollars. 
These costs are converted to 1981 dollars by multiplying by 1.7. 

E -JPlELiJts 

A profit of 20* is added to arrive at the retail selling prlre. 

E. 3 .1 ^4 Car P arts 

3 

E. 3. 1.4.1 Ammon ia Storage Tank . Required volume (from Appendix C) ■ 2.1 ft . 


Assume 

e Maximum pressure * 200 psip, 

# Cylindrical tank lengtli ■ 2.1 feet 
a Sheet thickness ® 0.05 Inch 

a Cost of material (steel) in 1975 dollai ■ $0. 18/lb. 

Hence, the following can be determined: 
a Diameter * 1.125 ft 

2 

a Surface area ■ 8.6 ft 

• Weight of the tank * 17.4 lb 
a Cost of steel * $3.13. 

The ammonia storage tank needs to be insulated to prevent excessive pressure 
rise during hot days. The size of the insulation is determined under the 
following ass\impt ions : 
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• Tht pr«t*urt in the tank is not to axcaad 200 palt> Tkuo, 
tha tanparatura of the atorad aanonia la not to axcaad 101*F. 

a Tha amblant tanparature surrounding the tank apaca vlll not 
axcaad 140*F. 

a The starting temperature of stored amnonia is 55*F. 

Thus, the average temperature of ammonia 

The temperature difference between maximum ambient temperature and the aver- 
age ammonia temperature 

- Ac - UU - 78 - 62*F . 

The amount of heat that ammonia can absorb before reaching 101®F 

AQ^ax “ (Enthalpy at 101®F - Enthalpy at 55*F) x weight of 

liquid ammonia stored (from Appendix C) ■ (156.6 - 103.5) 

X 81.5 ■ 52.9 X 81.5 = 4300 Btu. 


Hence, the number of hours of 140®F ambient as a function of **R" value of 
insulation is obtained from 


Hrs 


“Sna x X R 
A- X Area of Tank 


( 


4300 

62"’ X 8.6 


) R 


8.05 R. 


A 3-inch layer of urethane insulation will have an "R" value of 7 x 3 * 21. 
This will insure prevention of excessive pressures even when the tank is 
relatively empty. 


2 

The cost of insulation is obtained from a retail price of $l/ft (1981 
dollars). Hence, in terms of 1975 dollars and assuming a difference of 20 a 
between OEM and retail price, the cost of insulation for the ammonia 
storage tank 

C ost/ft^ (re tail 1981 dollars) _ x I m 7 
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Thus, ths total aat trial coat for tht aiBonla storat* tank Is: 

Cost of stscl • $3.13 
Cost of insulation ■ 4.20 

Total ■ $7.33 

E. 3. 1.4. 2 Weak-Solutior Storage Tank . Required volume (from Appendix C) 

- 3.21 ft^. 

Assume 

e Cylindrical tank length ■ 3.2 ft 
e Sheet thickness • 0.05 inch 

e Cost of sheet material (steel) in 1975 dollars ■ $0. 18/lb. 

Hence the following can be calculated: 
e Diameter ■ 1.125 ft 

2 

e Surface area ■ 12 ft 
s Weight of the tank ■ 24.2 lb 
e Cost of steel • $4.36. 

E. 3. 1 .4. 3 Sum of Comp onents . Table E.2 shows the cost of the components of 
the 3-ton system of Table E.l which are assignable to the car system. From 
Table E.2 the cost of the materials for these car parts for a system of 
17,000 Btu/hr is obtained as follows: 

Cost - 125 X + 7 - $66 . 

Thus, the total cost of materials for the equipment on the car is: 



Ammonia storage tank 

m 

$ 7.5 


Weak-Si'lution storage tank 

m 

$ 4.5 


Parts from Table E.l assignable to car equipment 

m 

66.0 


Sheet metal and grill* 

m 

10.0 


Charge of ammonia* 

m 

_JP_^ 


Total material cost of ('quipmrnl on the car 


$98.0 


*Estimate oy judgement. 
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TABLE E>2 


COST OF THE COMPONEHTS OF THE 3«TOW SYSTEM OF TABLE E,1 
ABSICNABLE TO CAR EQUIPMENT 


I ten) 

Capaclty- 

Dapandant 

Coat 

Capaclty- 

Independant 

Coat 

Absorber and Abaorber Haat Exchangar 

18 


Evaporator 

24 


Outdoor Coil^ (car part only) 

42 


Fan, Motor and Mount 

24 


Controls and Wiring** 

12 

7 

3 

Valves, Servicr and Relief 

3 


3 

Capillaries, Connecting tubing, etc.' 

2 


Total of Parts on the car (obtained 
from Table T.l for a 3-ton system) 

125 

7 


In the 3-lon nynttm of TaMe T.l, lli^ outdoor coll U to be deelffned for bent trenefer from eh- 
Borbor ond conden«?fr. In the eystem, hnlf fhe cnei oeeltned to thr c«r equlpiitnt, only the 
aheorber Is on the cor The othor half !■ aeslRood to the Rarepe enulpmoot. 

Tnt/il co«r of control'* nnd wiring of the 1-ton eyntem of Tehle f.,2 U assumod to hr divided Info two 
halves: one hslf Is ssslRnod ic equipment on the cer* end the other half to the garoRC eiMilpmint. 

The car portion Is further «ul>d 1 v itled between cepnctly dependent and capnrliv independent. The divi- 
sion here is sttl(lU an cnRlneorlng Judgement. 

TIte total COM of t)»esc (*»mponnni« on the 3-lon ivattm of Table t,\ la divided for the split ayatein 
into two part®. One part is assfui^ed to the equipment on the car and the oilier part la aaaipned to 
the equipment In the gaiagt. The divialon la haaed on engineering JtidRcment, 
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Tht total coat of tha car oqulpMne in tarM of 1975 dollara la obtalnad 
aa follovat 

Dlvoct Mtarial coat ■ I 98 
Labor vlth burdan ■ 61 

Total $179 

Hanca, tha ratail price of the car equipment In terma of 1961 dollara 
■ 179 X 1.7 X 1.2 • $365 . 

E.3.1.5 Gara g e Parta 

'i*he material coat of the ammonia tank (Identical to the one on the car) la 
$7,5. The material coat of the weak>solution atorage tank (identical to 
Che one on the car) is $4.5. 

Table E.3 shows the cost of the components of the 3~Con system of Table E.l 
which are assignable Co the garage equipment. From Table E.3, the cost of 
materials for these parta for a system with a capacity of 700 Btu/hr is 
worked out as follows. 

Cost - 283.5 X + 14 ■ $19.5. 

Thus, the total cost of materials for the garage system is worked out as 


follows : 

a Ammonia storage tank ■ $ 7.5 

e Weak'solution storage tank ■ 4.5 

e Parts from Table E.l assignable to garago equipment ■ 19.5 

e Charge of ammonia ■ 10.0 

e Couplings for connecting to the car equipment * 5.5 

Total material cost $47.0 


Hence, the cost of garage equipment 

n material cost + labor cost with burden 
- 47 + 130 - $177 (1975 dollars). 
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TABLE E.3 


COST or THE COMPONENTS OF 3-TON SYSTEM OF TABLE E.l 
A8S1CNABLE TO THE CABACE IQUIPMEHT 


It«n 

Capacity - 
Dependent 

Capacity - 
Indapandcnt 
Coat 

G«ntracor 

25 


Liquid Heat Exchanger 

4.5 


Condeneer 

15 


Frccoolcr 

4 


Solution Pump 

52 


Water Pumps 

17 


Motor, Pump 

31 


Outdoor Coil^ 

43 


Burner System 

9 


Controls and Wiring^ 

9 

10 

8-Way Valve and Motor 

18 


Valves, Service and Relief^ 

3 


Sheet Metal and Grill 

34 


Capillaries, Connecting Tube 

4 

4 

Insulation 

9 


Miscellaneous 

6 


Total 

283.5 

j 

14 


In 1*1 'M of In’ U F.. 1 , l^c* outrioot roil In a«»un»«d to l»c* for limr trnnsfrr f ih- 

Aor»M»r n\u\ . ♦ . In tl)P npln «VAton\, hnlf l I»p co»» tn an^lp.tiPtl to tMr car onulpmoni, on nw\\ tin 

olir^nfhnr Is on tl»* rnr . The other Iwrif In OHAiRned to the narAKP en‘< . 

‘ lot il ci'fj* omroK in ' wif in^ of thr I-ton mv tom of TohJn K.2 U oAAtiwiid to ho divl.fd Into two 

luilvpn: f>iu hnlf |h i« opjipmonl f»n tin rar , nm! tiir other h^lf to thr fcAt/iuo rqMipmofU. 

The rar portion I further nuhdivIHei hetweor r/ipncltv dependent nnd r^ipacltv InUrpondent . The divi* 
Aion here U ntrt tiv «n « npinofrinfi JiidRcmeni . 

^ The tota^ loni of rompnnentF on the ll-tnn HVStCffi of Twhie F.1 1« divided for the PpJit Asntcm 

into two partn. '*ru p*irt i« «A«itr<d to tin* eqi pmon*. on tin and the nth<<i part i% a*<iipnrd t^ 

I hr pqnlt^ment in t lu ponce. Th division Is ham d on enpiroptinp judpemont , 


pS mcKAMieAt. 
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1h« rttail prict of eht ••rag* oqulpMnt In tnru of 1911 dolloro 


c 

r 

I 

I 

1 

H 

1 


• 177 K 1.7 % 1.2 - $361 . 

■•ne«» th« retail price of the entire epllt heat punp ayaten 

■ retail price of car ayeten 4 retail price of the garage ayaten 

• 365 4 361 - $726 . 

E.3.2 Range Impact 

The total vehicle-baaed weight of the ECS ayaten will vary depending on the 
weather conditlona, A greater quantity of water and anasonla will have to be 
carried during weather extremea, i.e., high heat and humidity in aummer and 
low temperature in winter. For the purpoaea of calculating range impact 
the average value of summer and winter weight is assumed. 

From Appendix C: 

Weight of fluid for summer • 163 lb 
Weight of fluid for winter • 216 lb 
Average weight of fluid • 189 lb 
Constant weight of the hardware • 100 lb 

Hence, the total weight for range impact calculations is 289 lb. 

The parastic power requirements to run the air blower and the control system 
arc considered to be identical to those in the gasoline-engine-driven heat 
pump system. 

Hence, parasitic power requirements are 365 watts. Thus, the range impact 
Is: 

Weight contribution ■ 289 x 0.00026 ■ 0.075 
Parasitic power effect • 0.05U 
Total range reduction ■ 0.l25 

Hence, effective range ■ 87.57 of orlgiral. 



I 


1.3.1 InTty Efftci«ncy 

Tbt cpllt heat pimp bsaically is an aqua>amKmla abaorbeion ayataa. Hanca. 
In tha cooling aoda 6 COP of 0.564 can ba uaad. (Thla valua la darlvad by 
datallad eycla analyala In cha A8HRAE Handbook of Fundaaantala* 1972 . pagaa 
23*24.) In eha boating aoda. tha apllt haat pimp cannot taka advantaga of 
waata haat aa it la ranovad during raprocaaalng of tha fluid In tha garaga 
aqulpnant. Howavar, aoaM of tha haat appllad during raprocaaalng can ba 
uaad for home haatlng aa It will ba at a high anough taaiparatura. 


The actual heat to be allocated fur ECS operation ia worked out aa followa: 


h. ■ enthalpy of water at 120*F (otu/lb of water) 

»v 

h ■> enthalpy of liquid ammonia at 120*F (Btu/lb of ammonia) 

• ft 

h, ■ enthalpy of solution being returned to the garage equipment 

a B 

for reprocessing (Btu/lb of solution) 
m ■ mass of water 

V 

m ■ mass of ammonia 
a 

Q • quantity of heat supplied by ECS to the passenger compartment 

•• quantity of input heat for reprocessing to be allocated to 
the ECS. 


(The temperature of 120*F is selected for the starting point since 
the rest of the heat of aimtonla and water will not be useful for 
home heating.) 


Hence, 


and 


'’in ■ '■f. 


COP - 

'^In. 
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Now, using 32*F •• a refaronct: 

**iw * ■ 32 • 8S Btu/lb of water 

haa • 179 - 77.9* • 101.1 Btu/lb of NHj. 

Fron Appendix C, page 2>55, we have: 

■ -133 Btu/lb of ammonia 

\ • 151 

m ■ 64 . 5 
a 

Q - 42,500. 


Hencf , 

- (151 X 88 + 64.5 x 101.1) - (151 + 64.5) x (-133) • 48,470 Btu. 


Hence, 


COP • 


42,500 

46,470 


0.88 . 


The average of summer and winter is: 


COP , (^594.1.0^ 


0.732 . 


If the heat is obtained from gas or oil, the energy efficiency number** to 
be used in the ranking study is 0.732. If, however, heat is obtained from 
resistance heating the energy efficiency number to be used in the ranking 
study wiJl be 0.732 >: 0.3T • 0.242. 


E. 3. 4 Sto rage Pe r iod 

Since no loss of fluids due to evaporation or otherwise occurs, the system 
has a very large storage period. This period is considered to be indefinite 
greater than six months. 


*See footnote on page 2-55 of Appendix C. 

**Refer to Section E.1.3 for definition of energy efficiency number. 



1.3.5 Walnfnmc* Coat 

Industry sxptrlsnct rsvssls aqus-sMonla absorption systaas to ba ralatlvaly 
fraa of ■aintananca problaaa. Quality control In aanufacturing and attan* 
tlon to datalls In daslgn ara major factors In alleviating nalntananca coats. 
A nalntananca cost of $15.0 par year la aaauned, considering the split na- 
ture of the aystam. 


E.3.6 Performance Impact 


Performance Impact is computed by the formula given for the gasoline-engine- 
driven heat pump system. For this split system, the weight of the ECS is 
considered as the average of suniner and winter as explained in the subsection 
on range impact (E.3.7). Hence, the performance impact number is computed 
tc be 


3320 

(3320 + 289) 


0,92. 


E. 3. 7 Consume r- P erce ived Ris k 

Ammonia is com idered to be a dangerous material and the quantity of ammonia 
that can be carried in homes is limited by law. However, on the vehicle, 
the aqua-ammonia system is far safer than gasoline for the following reasons: 

a Ammonia is less flammable. 

a The pungent order associated with ammonia gives early 
notice to the presence of a leak. 

Nevertheless, consumer perception of such a system in the initial introduc- 
tion period is bound to be that the system is more risky than the gasoline- 
engine-driven heat pump system for two reasons: 

» The system is unproven. 

• Ammonia is considered a dangerous material. 

Hence, a score of 4 on a scale of 10 was assigned to this system. 


jE .3 .8 Noise 

Very little or no noise is associated with the system. The only noise ex- 
pected is that due to the evaporator blower fan. Hence, a rating of 2 on a 
scale of 10 was assigned for this system. 
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E.3.9 EnvlrowBtntal Iiw>«ct 

The eyeten le anich cleaner; no hatardoue fuaca are eaittad during operation. 
Therefore, a acore of 1 on a acale of 10 ia aaaigned to thia ayataa. 

E.3.10 Packagina and Volume 

The volume of syatem is higher than for the ga8ollne>engine ayatem. However, 
the temperature of the ayatem is not very high, and no proviaion needs to 
be made for corobu8tion*air intake and hlgh-temperature exhaust. Thus, a 
score of 6 on a scale of 10 was given to this system as compared to the 
score of 5 for the gasoline-engine-driven heat pump system. 

E .3.11 Development Status 

The basic system is not new: only the splitting of the components in two 

parts is new. Thus, the system can be built with well proven components. 

A score of 5 was given to this system in comparison with 2.5 for the gasoline- 
engine-driven heat pump system, indicating a greater development period 
involved. 


E.4 WATER THERMAL STORAGE FOR BOTH HEATING AND COOLING 


Systtn rcqulraiatnts v«rc bas«d upon both hunting and cooling raquiraacnts 
for the ■ysten. Heading aode coneidarationa dictatad that tha daaign ap> 
proach for a high-praaaure ayatan would raault in the owat favorable con> 
figuration. An operating praaaure of 30 pai and a atorage tanparature of 
250*F vaa aelected aa the daaign point for the heating node atorage. 

E.4.1 Syatan Cost 

On the car ayatem, costa totalling $300 v)are established from the following 
component costs, A Young brand hot water radiator for 17,000 Btu/hr was 
quoted at about $150. The four valves involved in the system are estimated 
at $40, the fluid pump at $25. the storage tank (consisting of a 4-ft long 
by 1-ft diameter tank) was estimated to cost about $50. System antifreeze 
was estimated to about $6, and the cold-water storage elastomer balls were 
estimated to be about $30. 

In any of the thermal storage concepts, stationary support equipment would 
be required to provide the refrigeration or the heating effects at the garage 
site. The cost of these elements was estimated to be $200 for a small re- 
frigerator. This figure was estimated by comparing prices of small, home 
bar refrigerator units, and was averaged to be about $200 for the size range 
of interest. An immersion heating element was estimated to be about $50. 

The requirement for stationary equipment for the storage systems implies 
that an Installation cost over and above that required for vehicle installa- 
tion would be involved. Therefore, an installation cost estimate of $100 
was included in this systen, cost. The total system cost was, therefore, 

$650. 


E.4 . 2 System Life 

A water storage system is expected to have a life equivalent to, or even 
belter than, any of ilie heat-activated heat pumps. A value of 1 was desig- 
n.ited for this system. 
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E.A.3 lUingt Impact 

The lapact due to the fluid weight of 283 lb end e hardware weight of 
50 lb waa calculated to be 6.7X. A paraaitic power loaa waa eatiaated 
to be accountable for an additional 51, totalling 13. 7Z range iaq>act. The 
effective range ia thua 662 with this ayatem aa compared to the range with- 
out the ayatem. 

E.4.4 Energy Efficiency 

In the aummer, the water has to be cooled to below 32*F. In this aspect, 
the garage unit operates like an icemaker. A typical COP of heat pumped 
to wall-plug electricity can be assumed to be between 1.5 to 2.0, depending 
on the design and cost of the equipment. The thermal input at the power 
plant has a summer COP of 0.5 to 0.67. 

In the winter, the COP will be 0.85 or 0.33, depending on whether heating 
is accomplished using natural gas, oil, or wall-plug electricity. 

If the use of cheaper first cost equipment is assumed, the summer COP is 
0.5 and the winter COP is 0.33. Hence, the energy efficiency number for 
this scheme is 

(0.5 + 0.33) i 2 « 0.415 . 

E.4.5 Storage Period 

During the winter the water in the storage tank will be at 250^F, while the 
ambient design temperature is -10®F. Insulation will have to be provided 
so that over a period of 10 hours, only 5% of stored heat will be lost. The 
insulation thickness is determined as follows. 

The area of the 4-foot-long, 1-foot-diameter tank is: 
area *4 11 + 1.57 *14.2 ft^ 

46 ■ temperature difference • 260®F. 
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Banct, the required **R" value of the Ineulatloo ia: 


- 260 * 10 a U.2 .. . 

• • 42.S00 > O.OS • • 

Urethane insulation 2 1/2 inches thick will provide an "R" value of 20. 

This thickness provides a reasonable level of insulation both in cost and 
space. Thufit a storage period of 10 hours is assigned to this system. 

E.4.6 Maintenance Costs 

This system has no regular maintenance schedule other than replacement and 
checking of antifreeze, which would be considered minimal. A maintenance 
value of $5 per year is estimated for this system. 

E .4.7 Performance Impact 

The weight of this system is 333 lb. The reduction in acceleration is com- 
puted following the same procedure as for the gasoline-engine-driven heat 
pump system. 

Acceleration reduction ■ 3320/(3320 + 333) * 0.91 
E. 4.8 Consumer Risk 

For this system, the risk would be lowest on a technical basis, and in fact, 
the perceived risk by consumers would probably be lower than for any of the 
other systems. Therefore, a very low value of 2 was assigned in compari- 
son to a value of 2 for the gasoline-engine-driven heat pump system. 

E.4 .9 Noise 

This system would involve little, if any, noise except for the fan operation. 
The fan noise would be equivalent to that in heating systems used in con- 
ventional automobile heating equipment. A value of 2 was given. 

E . 4.10 Envir o nmental Impact 

This system would be one of the cleanest, both in terms of real pollution 
and accidental pollution due to breakage of the storage container, etc. 
Therefore, a value of 1 out of 10 was given. 
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E.A.ll F«ck«tln» aixl VoluM 

The volume and weight of the eyetem ere higher for chia ayatam than for the 
reference eyetem (gaeoline~engine*driven heat pump ayatam). However, neither 
exhauet ducting nor very high tempereturee ere Involved. Furthermore, rel*> 
atively large freedom exiete to dietrlbute and ehape the ayatam components 
ae compared to the reference eyetem. A ecore of 6 ie given to thie eyetem 
in comperleon to 5 for the reference eyetem. (The higher number indicatee 
a greater degree of difficulty). 

E. A . 12 Developmen t Status 

The design of the components in this system is not new. The only novelty is 
the use of neoprene balls to allow fur expansion during freezing. Alternative 
techniques art- easily available for ice making. In fact, ice making is a 
very well-known and old art - with the first applications of man-made refri- 
geration being applied to ice making. Thus, the development status of this 
system is comparable to that of the reference system. A score of 3 is as- 
signed to this system as compared to 2.5 for the reference system. 
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E.5 THERMAL STORAGE WITH K^ COj . W.CO j . tl ,COj 

The following propertiee of this salt have been obtained froei Appendix C. 

e Melting temperecure - 1310*F 
e Heat of fuelon - 70 Btu/lb 
e Specific heat - 1 Bcu/lb-*? 
a Thermal conductivity - 0.37 Btu/hr-*F-ft . 

From page 3-21 of Appendix C, the following information if available about 
the system for storing 42,500 Btu. 

e Maximum temperature - 1310°F 
e Minimum temperature - 200®F 

3 

e Volume of salt required - 0.22 ft 
a Cost of salt required - $3.6. 

Consider a storage system consisting of a cylinder made up of stainless steel 
with high-temperature insulation outside, and an air-to-salt heat exchanger 
consisting of stainless steel tubes inside, as shown in Figure E.l. The salt 
is filled in the remaining space ii.side the cylinder. An electric heater in 
the form of a coil of nichrome wire Is also installed inside the cylinder to 
facilitate heating of thi salt overnight from wall-plug electricity. 

The salt is heated to 1310°F at night. During the day when heat is needed 
in the passenger compartment, air is blown through the stainless heat exchanger 
and the outcoming air is diluted by adding low-temperature air before passing 
it into the passenger compartment. The amount of low-temperature air added 
varies depending on the temperature of the air coming out of the he.it ex- 
changer. As more and more heat is extracted, the temperature of the storage 
falls. Useful heat is assumed to be practically extractable as long as the 
temperature of the storage is above 200®F. 

E. 5.1 D esign _9iJ eolatio ns for H eat Ex changer 
Assumptions : 

t Salt temperature • 200®F 
e Air temperature in • hn'T 
• Air lemper.Tture out • 100 ' r. 

-2s- 
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less Steel Tank 



Hanct, 



• 200 - 60 - 140 



• 200 - 100 

• 100 


At 

m 

4tj - Mj 

40 

40 


1 

0 

00 

1 

.346 


- 116*F 


log 


e At, 


Desired heat transfer rate » 17,000 Btu/hr. 

, , 116 X Area 

Hence, 17,000 ■ 5 . 


Assume R « 0.1 for heat transfer at inside of tubes with air flowing at 
high velocity. Hence, the required tube area is given by: 

17,000 X 0.1 . 2 .. ,, ,„3 . 2 

Area ■ — '— 77 “ 14.65 ft » 14.65 x 144 in. ■ 2.11 x 10 in. . 

lit) 

Assume pipes with 1-in. diameter and 1-foot long. Hence, the number of pipes 
required 

>3 


2.11 X 10- 


- 56 


12 X T 

Cross sectional area of 56 pipes * 56 x ■ 44 In.^. 

3 

The volume required for salt storage ■ 0.25 ft (allowing for 10^ heat loss 
during stored mode). 


The total cross sectional area of the stainless steel tank 
- (44 X 1.44 X 144) x 1.1 - 110 In.^. 


Where the stainless steel tubes are assumed to be 0.1 inch thick, 
diameter of the stainless steel tank 

1/2 


The 


.12 in. 
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Th« iMulatlon thlcknasa raquirad la dataralnad froa tha condition that 
vithin 10 hours of atora|o, only lOX of otorad hast will ba loot. Hanca, 

Q - 42,500 X 0.1 - 4250 Btu. 

Surface araa of the tank 

- (2 X 110) + (12 X 12 X X) - 673 In.^ - 4.7 ft^. 

46 ■ ccmpcracure difference between atorage and ambient 
• 1310 - (-10) • 1320*F. 

Hence , 

. 1320 X 4.7 X 10 _ , 

* 4250 

High temperature insulation like Nin-K 2000 (made by the Johns-Manville Cor- 
poration. Ken-Caryl Ranch. Denver. Colorado 80217) can be uaed. The "R" 

value of this insulation material is 3 per inch of thickneaa. Hence, a 

2 

thickness of 5 inches will be adequate. The retail price of $167/ft is 

quoted by Johns-Manville for this material in a 5-inch thickness. For mass 

production, the OEM price is estimated to be one-third of the retail price. 

2 

Hence, a price of $56/ft will be assumed for this study. 

The weight of stainless steel in the tank is worked out as follows. Assume: 
Wall t'lilvkness * 0.125 inch 

Volume » 673 x 0.125 ■ 84 in.^ 

Weight • 84 X 0.28 ■ 23.6 lb. 

The weight of the heat exchanger tubes is calculated as follows. Assume: 
Wall thickness of 0.1 inch 

Surface area of 12 Inches long, 1-lnch inside diameter coll 

2 

• If X 12 “ 37.7 in. 

Volume of stainless steel in one pipe 
= 37.7 X 0.1 ■ 3.77 in.^ 
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VoluM of otoinlooi otool in 56 pipoo 

- 56 K 3.77 - 211 In.^ 

Woight of hoot oxchangtr tubas 

- 211 X 0.26 • 59 lb. 

E.5.2 First Cost 

The total cost of the system is worked out as follows. 
Dsts! 

a Cost of stainless steel * $1.60/lbm 

2 

a Cost of insulation (R value 15) > $56/ft 


a Weight of stainless steel - 59 + 24 ■ 83 lb 

2 

a Insulation area ~ 5 ft 
a Cost of salt (from Appendix C) ~ $3.6. 

Calculations: 

a Cost of stainless steel ~ $150.0 

a Cost of insulation > 260.0 

a Cost of salt - 3.6 

a Cost of miscellaneous material - 19.4 

Total Material Cost ■ $453.0. 


Labor cost is estimated to be $1.50 per lb of hardware. This is about the 
rate of labor cost for products with equivalent technological levels. 

The total weight of the system consists of the following: 


a Weight of stainless steel - 63 

3 

a Weight of insulation (density 20 Ib/ft ) - 42 

a Weight of salt (from Appendix C) - 33 

a Miscellaneous - 32 


The total system weight is 190 lb. However, the weight of the t.Tlt will 
not enter into the labor tost calculations. 
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Htnct , 


Labor coat • 157 x 1.5 ■ $236. 


Thus, 

Total cj»t • 236 + 453 • $689. 

Retail price with 202 profit ■ $827. 

E.5. 3 System Life 

This eystein has no moving parts. Howevcrt the corrosive effects of the salt 
at high temperatures are not knovm. It will always be possible to obtain 
a container material where corrosion problems are eliminated. The cost of 
such a system cannot be guessed at present. In view of this uncertainty, 
svstem life is considered to be half that of the reference system. Thus, 
the estimated life for the purpose of this study will be assumed to be 1500 
hours . 

E . 5 . 4 R ange I mpac. 

The technique for calculating range impact is the same as for the reference 
system (gasoline -engine-driven heat pump system). 

Data : 

a Total system weight - 190 lb 
a Parasitic power - 365 watts. 

Hence, the range reduction due to weight 
- 0.003^ X 190 * 0.0495 ^ 52. 

The range reduction due to parasitic power ■ 5%. 

Hence, total effective range ■ 0.9. 
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E.5,5 In«rKy Ifflcitncy 

Tht lyiCM It pnvidtd with tltctric betting for rtchtrying tht thtrul 
•ntrgy ttortgt. Htnet, the energy efficiency nuaber for tbit eyetta it 0.33. 


E.5.6 Storete Period 

By detign, the ttortge period it 10 hourt. 

E.5.7 MiJintentnee Cott 

At this tytttm has no moving parts, no regular maintenance it expected. 
However, the high temperature of the system may result I'' tome maintenance 
requirement. Hence, a maintenance cost of 20% of the reference system la 
assumed for this system. Thus, the maintenance cost for this system Is 
S7/year . 

E.5.6 Performance Impact 

The performance impact is calculated as for the reference system. 

Data; 

a System weight - 190 lb. 

3320 

Hence, the performance impact number ■ J3 to~' V ~ 190 " 

?-• 5.9 Consu m er-Perc e ived Risk 

As the temperature of the stored material is high, It will pose some danger 
in the event of an accident. This system is therefore considered to be 
slight’’/ more risky than the reference system. Hence, a score of 3 is given 
to this system in comparison with 2 for the reference system. 


E.5.10 -Noise 

A score of 2 is assigned to this system. For the rationale used in assign- 
ing this score, see Section E.4.9. 
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E.S.ll Environ— nfl Iwact 

A score of 1 Is eeslgned to this eyetem. For the rationale used in assign- 
ing this score, see Section £.4.10. 

E.S.12 Packaslna and Volume 

3 

The total volume Is 5.3 ft . .'urthermore, hlgh-temperature requirements, 
which dictate system shape, leave relatively few options for configuring 
this system to fit into odd-shaped places. A rating of 8 is given to this 
system in comparison to 5 for the reference system. 

E.5.13 Development Status 

The properties of the salt are not fully known, the temperatures .it high. 
However, basic heat exchanger design is well known. Hence, a rating of 5 is 
given to this system in comparison to 2.5 for the reference system. 
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E.6 THERMAL STORAGE WITH LlOH 


E.6.1 D«»lgn Calculations 

The follovin,^ information is svsilsblc from Appendix C, pat* 3*2, and Table 
3*3 on page 3>9 of Appendix C. 

* Maximum Temperature - 660*F 

* Specific heat " 0.59 Btu/lb-*F 

* Density - 91.1 Ib/ft^ 

* Cost - $1. 97/lb. 

For storing 42,500 Btu, based on a 200*F inlnlmutn temperature for practical 
heat extraction, the following is obtained: 

Heat storage density * (860 - 200) x 0.59 ■ 390 Btu/lb. 

Allowing a 10^ loss of stored heat over a period of 10 hours, initially the 
quantity of heat to be stored 

- 42,500 X 1.1 - 46,750 Btu 

where 42,500 Btu is the amount of useful energy required to be delivered to 
the passenger compartment. 

To store 46,750 Btu: 

Weight of salt required ■ ^390 

120 3 

Volume of salt required = “ 1*32 ft . 

The structure -i this system is similar to the one used for the K 2 COJ • Na^ 
COj • 11200 ^ system described in Section E.5. Hence, 56 pipes with the 
following specifications will be used for making the heat exchanger: 

* Material - stainless steel 

* Length - 12 inches 

e Inside diameter - 1 inch 

* Wall thickness - O.l inch 

* Outside diameter - 1.2 inches. 


IMCMAIHCAi 

▼ICMaipiOOv 

ttfCOAKMUTie 


- 34 - 



Ranee, the area occupied by the pipes 
• 56 K J X (1.2)^ - 63.4 In.^. 


The area occupied by salt 

• Volume Required 1.32 

Length of the Container 1 


1.32 ft^ - 190 in.^. 


Hence, the total area of the container 
• 63.4 190 - 253.4 in.^. 


Hence, the inside diameter of the container 




18 inches. 


The cylindrical surface area of the container 

18 2 
■ (y;r) xi'xl"4.7ft . 


The area of the circular face 


25J.Ji 

’144 


1.76 ft^ 


The total surface are;» of the container, allowing 1/2 in. for header space on 
edch side. 

- (4.7 X fj) + (2 X 1.76) - 5.1 + 3.52 - 8.62 ft‘. 

X As 


To calculate the weight of the stainless steel in the container, assume a 
wall thickness of 0.3 2'> inch, 

Volume « 8.62 x 144 x 0.125 « 155 in.^ 

Weight • 155 x 0.28 * 43.4 lb. 


Insulation requirements are computed to meet the following requirements: 

• Period - 1C hours 

• Heat lost - 4250 Btu 

2 

• Area of the container - 8.62 

• Temperature difference » 860 - (**10) • 870'*F, 


H«nc« , 

K . 17 0 A j|^6JUJ0 , 

R ■ ^250 1/.^. 

Suicable insulation will be Min-K 2000 made by the Johns-Nanvll la Corpora- 
tion, Denver, Colorado. This insulation has an R value of 3 per inch at 
660*F. Hence, a 6-inch thickness will meet the storage requirement. 

Weight of the insulation 

- (8.62 X X 20 • 86.2 lb. 

Total weight of the system is worked out as follows: 

Weight of stainless steel heat exchanger tubes ■ 59 


Weight of stainless steel container ■ 43 
Weight of the salt * 120 
Weight of the insulation ■ 86 
Miscellaneous ■ 22 

Total • 330 lb. 


E . 6 . 2 System Cost 

The cost of tl»e system is work out as follows. 
Assumptions : 

• Cost of stainless steel - $1. 80/lb 

2 

• Cost of insulation (K value of 18) - $68/ft 

• Cost of Salt - $1. 97/lb 

• Cost of Labor - $1. 50/lb of hardware 

• Weight of stainless steel - 59 + 43 = 102 lb 

2 

• Area of insulation • 8.6 ft 

• Weight of salt • 120 lb 

• Weight of hardware - 210 lb 
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H«ncc, 


Cost of stainless steel 

■ 

$ 164 

Cost of insulation 

m 

585 

Cost of salt 

m 

236 

Mir^^ellaneous 

m 

50 

Total material cost 

m 

$1055 

Cost of labor with burden 

m 

315 

Total cost of manufacture 

m 

$1370 


Adding a profit of 20 %, the retail selling price is $1645. 

E.6.3 Range Impac t 

Weight contribution ■ 0.00026 x 330 ■ 0.086 

Parasitic power (same as for ^200^ • Na2C0j • Li2C0j system) • 0.05 
Total effective range ■ 0.86. 

E . 6 . 4 Po r f 0 rm a nee Impact 

Performance impact ■ 3320/(3320 + 330) ■ 0.91. 

This sypt'»m has identical scores with those for the KjCO^ • Na^jCO^ * Li,C0^ 
system for the following criteria because of similarities between the two 
systems : 

• System Life - 1500 hours 

• Energy Efficiency - 0.33 

• Maintenance Cost - $7/year 

• Consumer-Perceived Risk - 3 

• Noise - 2 

• Environmental Impact - 1 

• Development Status - 5 

Pa ck agi ng and V olume 

The volume is higher than the volume of the K.,C02 • Na2C0j • Li^CO^ svstem. 
Other features regarding thip iter )r< identical. Hence, a score of 10 is 
assigned to tliis sv'^tem. 
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E.7 LiBr-WATER SPLIT HEAT PUMP SYSTEM 


This lyatCB It available for cooling only. The ayaten rcqulraa practically 
no garage equipment. For recharging overnight* the aolution of LlBr water la 
heated until moat of the water la driven off aa water vapor and the water 
tank ia filled with water. For heating purpoaea, the absorber tank la pro- 
vided with electric heaters. 


In Appendix C* the following Information is computed to provided cooling 
capacity. 

a Weight of water required - 42.5 lb 
a Weight of LiBr required - 72.5 lb 


Hence, the volume of the water storage tank 


42.5 
“ ■ 64 


0.665 ft 


3 


The volume of the solution storage tank 

. - i.e ft’. 

OH 

The water storage tank is considered to be a 1-foot long cylinder. Hence, 

2 

Cho area of the circular face * 0.665 ft . 

1/2 

The diameter * . -l A ) < 12 inches. 


Hence, the surface area of the tank 

. (. » 12 X 12) * 2 X i„,2 . 4 ,; 

For a 0.030-inch-thick container, the weight will be 5.7 lb. 

A solution storage tank with following specifications will satisfy the re 
quirements. 

• OianuHor - 13 inclios 

• Length - 31 inches 
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• Wall thlcknasa - 0.03 inch 

2 

a Surface area 10 ft 
a Weight > 12.2 lb. 

Thus, the total weight of the system is calculated as follows: 


Weight of water storage tank ■ 5.7 
Weight of solution storage tank * 12.2 
Weight of evaporator, absorber, valves, etc. ■ 42.1 
Weight of water ■ 42.5 
Weight of LiBr ■ 72.5 

Total 175.0 lb. 


E.7.1 System Cost 

The cost of this equipment can be assessed by assuming $3/lb of hardware. 
Hence, the cost of the system 

* 3 X 60 “ $180. 

E . 7.2 System Lif e 

As there are no moving parts, the system life can be assumed to be 3000 
hours. 


E.7 .3 Range Impact 

The weight of the system with fluids is 175.0 lb. Parasitic power is the 
same as for the gasoline-engine-driven heat pumps. Hence, the effective 
range is 0.92. 

E.7.4 Energy Eff ici ency 

A summer COP of 0.78 Is assumed lor a LiBr-water absorption system. The 
heat is provided electrically to reprocess overnight. Hence, the eiurcv 
efficiency nunher for this system is 0.78 x 0.33 = 0.26 
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E.7.5 Stoff FTiod 

The absorber and the solution tank have to be ■aintalnad at a high vacuun 
laval. Hanca. a storage period of 10 days is aasumed. 


E.7.6 Maintenance Coat 

The expansion valve will have to maintain a high vacuum. Hence, a mainten- 
ance cost of $20 per year is assumed. 

E.7.7 Performance Impact 

The weight of the system is the same as that for the gasoline-engine-driven 
heat pump. Hence, a performance impact number of 0.9.*) is calculated for 
this system. 

E.7.6 C onsumer -P erceived Risk 

LiBr is a toxic substance. Thus, In case of an accident it will pose some 
problem. Hence, a score of 3 is assigned to this system. 

E. 7.9 Noise 

Very little or no noise is associated with this system. Hence, a score of 
2 is assigned, which is the same as for the aqua-ammonia system. 

E.7 . 10 Environm e nt a l Impact 

During recharging, the solution is heated until the water from the solution 
is driven off. Ideally, no LiBr should escape to ambient. However, with 
the cheapest equipment, there may be a danger of minute quantities of LiBr 
escaping along with the water vapor. This problem is an unknown at this 
time. Hence, a high score of 20 is assigned, to indicate a potential for 
problems in this area. 

j^._7_._ll_ _Pa£K?iiil& an d Volume 

Packaging and volurot are similar to that of the gasoline-engine-driven heat 
pumps since some means will have to be provided to vent water vapor during 
reprocessing in the gar.age. A score of 5 is assigned to this system. 
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1. 7. 12 D«vlop—nt Status 

The development statue is the same as fo7 the aqua-'snmonla system, 
a score of 5 is assigned to this system. 
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Hence, 


E.8 THERMAL STORAGE WITH OltCAMIC OILS 


The following Inforaatlon ie available fros Appendix C, pagaa 3-2B through 
3-31. For Thcminol-66: 

• Maximum uaeful temperature - 650*F 
a Specific heat - 0.655 Btu/lb-*F 
e Density - 46.8 Ib/ft^. 


Allowing • 10/i heat loss during the 10-hour storage period, 46,750 Btu must 
be stored to obtain a useful heat quantity ’of 42,500 Btu. As the tempera- 
ture is high, the storage structure will be considered to be similar to the 
one for thermal storage with K 2 CO^‘Na 2 CO^*Li 2 CO^. The weight of the 
fluid required is calculated as follows. The minimum storage temperature 
is 200'F. Hence, 

■ 650 - 200 • 450 

Heat storage density ■ 450 x 0.655 ■ 295 Btu/lb 

Required fluid quantity • ■ 158 lb 

Fluid volume • • 3.38 ft^. 


The heat exchanger tubes are assumed 
Outside diameter 
Inside diameter 
Wall thickness 
Length 

Number of tubes 
Area occupied by pipes 

Area occupied by fluid 

Total area of container's circular 
Container diameter 
Cylindrical area of container 


be of the following specifications: 

■ 1.2 inches 

■ 1.0 inch 

■ 0.1 inch 

■ 24 inches 
• 28 

• 32 in.^ 

. 172J ^ 243 ln.2 

2 X 12 

face • 32 + 243 ■ 275 in.^ 

* 18.8 inches 

» 24 Y. II X 18.8 ■ 1420 ill.” 

= 9.H') f I 
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Total container vail area 


- 9.85 *11 ♦ 2 * fg - 14.1 ft^ 

The vail thickncis for the container ie aaeuaed to be 0.125 inch. Hence, 
Container weight ■ x4.1 x 144 x 0.125 x 0.26 • 70 lb. 


The total steel weight equals the weight of container plus the weight of the 
heat exchanger tubes; 

Steel weight ■ 70 + 59 ■ 129 lb. 

Insulation requirement; 

ie - 650 - (-10) - 660*F 
iQ ■ 4250 Btu 
Hours ■ 10 

2 

Area ■ 14.1 ft 

R , » l A r.l . 21., . 22 

A 4250 

A .sandwich in.sulation with Mink-2000 will be used near the walls of the con- 
tainer, along with an outer layer of urethane foam with an R valuj of 7 per 
inch, A.s the maximum temperature the urethane can withstand is 200®F, the 
thi .'kness of the Mink-2000 insulation is determined as follows. 


Let Rj be the thermal resistance of Mink-2000 insulation and R 2 be the ther- 
mal resistance of urethane. Hence, 

_212 

R ' + R^ “ 660 

Hence 


and 


2 1 V 


X 22 


15. 


7 
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Nlnk-2000 has an avsragt R valut of bttvsan 600*F and 200*P. Hanes, 
Mink-2000 thicknats ■ 15 x 0.22 ■ 3.3 inchaa. 

2 

Thus, tha insulation sandwich is made up of 14.1 ft of 3.3-inch thick 
Mink-2000 insulation and 1.0-inch thick urachane. 

Cost of Mink-2000 insulation » 

(3. 3-inch thick) - S37/ft 

2 

Cost of urethane (1-inch thick) ■ $0. 31/ft 

2 

Cost of Insulation sandwich • $37. 31/ft 

Total cost of Insulation * 37.31 x 14.1 ■ $526 

Weight of Mink-2000 ■ . 77.5 if, 

Weight of urethane • ^ 1,9 ■ 2.23 lb 

Total insulrtion weight * 77.5 + 2.23 ■ 80 lb. 

Hence, the total weight of the system is: 

Weight of the steel ■ 124 lb 

Weight of the insul.ation ■ 90 lb 

Weight of the fluid ■ 159 lb 

Miscellaneous ■ 3 3 lb 

Total ■ 400 lb 

Overall system dimensions are: 

Length ■ 36 inches (3 ft) 

Diameter * 26 Inches (2 1/3 ft) 

The total cost is: 

Cost of steel at S0.30/lh = $ 38.7 

Cost of insulation - 526.0 

Cost of fluid at $13/gallon ■ 336.0 

Miscellaneous ■ 29.3 

Total Material Co^t ' $930.0 

MfCHawcas 


T|C*SMOkM» 

rniotkfOmA f m 


44 - 


Cost of labor with burdon at 

II. 50/lb of hardvara ■ $ 360 

Grand total coat ■ $1290 


Allovlng a profit of 20X, th» ratall prlca • 1.2 x 1290 • $1550. 

E.6.1 Kangt Impact 

Weight contribution • 0.00026 x 400 > 0.104 
Paraiitic power ■ 365 watts 

Hence, effective range ■ 0,65. 

E.8.2 Performance Impact 

3320 

Performance Impact ■ ' 400 " *^*®^^* 

Scores for the other criteria are given in Table E.4 of Section E.IO. 
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1.9 WATEK THEWUL 8T0IUCE F0> HEATIWC OWLY 

Xf water la to ba uaad only for haating, a haatar will ba inatallad In the 
watt'* otorage tank on tha ear and no garage aqulpawnt will ba required. The 
haatar . med on at night by ualng wall'plug electricity In the garage. 
The ayetem p».anetere are eaally derived from Section E.4, Water Thernal 
Storage for Both Heating and Cooling. The resulta are: 

e Firet Coat - $300 
e Weight of Che ayaten on car - 333 lb 
e Range impact > 0.86 
e Energy efficiency >0.33 
e Storage period ■* 10 houra 
a Performance impact - 0.91. 

The values of the other parametera are given in Table E.4 of Sectic E.lO, 
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E.10 SlfffURY OF RESULTS OF HAWKING CALCULATIONS 


The outcoBt of the calculations glvan In this appendix is presented in 
Table E.4» Harks Assigned to Different Systems tor the Various Criteria. 
Table E.5 presents the sane data normalized vith respect to the reference 
system, the gasoline-engine-driven heat pump. Table E.6 presents the data 
modified by multiplying the marks with weighting factors for the different 
criteria. These weighting factors are discussed in Appendix D, Table 1. 
Table E.7 shows total score of the systems. 
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MARKS ASSIGNED TO DIFFERENT SYSTEMS FOR VARIOUS CRITERIA 
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NORMALIZED MARKS FOR VARIOUS CRITERIA FOR DIFFERENT SYSTEMS 
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WEIGHTED HARKS FOR VARIOUS CRITERIA FOR DIFFERENT SYSTEMS 
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TABLE E.7 


RESULTS OF RANKING SYSTEM 


System Type 

System 

Score 


Thermal Storage with 
Water 

2<t0 


Aqua-Ammonia Dplit 


Both 

Heat Pump System 

195 

Heating and 



Cooling 

MTI Heat-Activated 
Heat Pump 

136 


Gasoline -Engine' -Driven 
Heat Pump 

100 


Thermal Storage with 
Water 

377 


Thermal Storage with 
K2C02-Na2C0j-Li2C0j 


Heating Only 

Thermal Storage with 
LI 2 COJ 

208 


Thermal Storage with 
Organic Oil 

198 


Thermal Storage with 
LiOH 

195 

Cooling Only 

LiBr-Water Split Heat 
Pump 

213 
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1* Contract W«guifaMint and lK»cution 


(A) Sinea axeaasiva alactrolyta tamparatura may raduca cycla lifa of 
tha battary pack, astimata tha ralativa vahicla drivin9 range 
penalty ( ^A/Ro) it tha ECS were required to provide a cooling 
capability to pravant battery alactrolyta temperature from exceed' 
ing 100*F whan tha ambient temperature It a constant 120 •?. 

(B) Describe the required ECS modifications and/or additions needed 
to implement the cooling capability alluded to In paragraph 

(a) (8 ) (A ) above. 

In the execution of this task It was deemed desirable to study battery heating 
together with battery cooling. The study encompassed meeting the battery 
temperature control algorithm: 

a) At the end of a charging cycle, the battery pack Is 120*F. 

b) The battery temperature controller maintains the battery 
pack at 120*F + 10®F except during periods of non-uso 
exceeding 3 days. 

The requirement for controlling battery electrolyte temperature to 100®F and 
less with a constant 120®F ambient temperature was given less attention. 

Perusal of a climatic atlas of the U.S. indicates that a 120®F ambient is rare 
indeed and that constant (continous) 120 ®F eunbient is non-existent. It is 
recognized that precautions are necessary to realize the true ambient as a heat 
sink; actual temperatures in a parked car can be significantly higher than 
ambient unless suitable precautions are taken. 
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XX* Technical Approach 


Th« m«ans for tomporaturt conditioning of th« battary vara eatagoriaad. The 
catagorija of active and paaaiva vat a aalactad aa ancompaaaing ail poaaibla 
aiaana applicable to affecting a change of battery tamper atura* 

Cataqoriaa i 
A. Paaaiva 

Storing or rejection of heat during charge and/or 
during operation* 

Active 

1. The use of on-boar^J energy dedicated to heat or 
cool the batteries. 

2. The use of off-vehicle energy to heat or cool 
the batteries. 

In review of these categories and consideration of various configurations in a 
qualitative assessment it became apparent that; 

a) It was desirable to keep the batteries at the highest 
possible safe temperature to achieve the benefit of 
the greatest possible capacity (Refer to Figure 1). 

b) Useful quantities of heat were available, as a "by-product*' , 
from the charging process and some heat was also available 
from discharge. 

Therefore, specific configuration were quantitatively examined that used insvi- 
lation to trap the *' by-product" heat available from the batteries. The varanu 


Battery Capacity Algorithm 

E(lo)/E(l) = 1 ~ 0.0070(1 - to) 
E(to)^850 Wh to = 80T 
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Figure 1. 
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oonflguratloM war* Mlaetad to Mok an optimun for voluM davotad to Inaula* 
tlon varaua boat loas. Only wall aatabliahad, atata of th* art matarials twr* 
eonaidarad* 

Tha raqxiiramant for rajaction of boat frcm th* battaria* appaara to be atraight- 
forward. In the calculation* th* battariaa are pamittad to reach 130*F and 
it i* aaaumed that cooling air at 100*F ia available. With that temperature 
differential available the diaaipation frcm lead acid batteriea ia within the 
capability of a amall capacity blower. 


A 


^nt of ip#cific Concapf 


four difforont configurations wsrs considsrsd and compatitiva worst 
casa rasults «#ara datarminad. 

A* Insulatad Configuration 
It Schamatic Diagram: 



SrCTlON A- A 



INSIIIJ^TION (thIckiiOHii) 
VENTILATION SI’ACK 


BATTERY 


•IS14 


2t Considerations : 

a) with a starting point of 120*F + 10®F after battery 
charging (130®F was elected for these calculations), 
what IS the trade-off in battery capacity with 
insulation thi ckness7 

b) in a practical vehicle the battery compartment size 
limits the acceptable insulation thickness, two 
inches was used for this analysis# 

c) the insulation of choice for these calculations was 
polyurethane foam at •’R’* * 7 per inch of thickness. 


ute; A 
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Si fh« r««ult« ars d«aerlb«d in fifur* 2 and th« following ftblo 


TABLI 

Bffoct of Xnoulating Thlcknooo (t It ■ 7 por inch) 
on Vohiclo Rang* (It) and on final Elactrolyta 
fanparatura (Tb>final) 


with ambiant taoparatura ■ 20*f 
^bat«-ary " ^30*r • time ■ 0 


Elapaad 

Time 


No Znaulation 


R 


T. -final 

D 


4.R 

R 


1-1/2 inch 
insulation 


Tj^-flnal 


I4.R 
I R 


2 inch 
insulation 


T 


b 


fln.il 


dR 

l< 


2-1/2 inch 
insulation 

T . - f i n n 1 
h 


10 

1 

1 

0 

1 

1 

- 7 

1 

1 

0.7 

1 

1 

100 

1 

1 

0.7 

1 

1 

107 

1 

i 

0.8 

1 

1 

111 

12 

1 

1 

0 

1 

1 

1 

- 12 

1 

1 

0.7 

1 

1 

1 

95 

1 

1 

1 

0.8 

1 

1 

1 

103 

1 

1 

1 

0.6 

1 

1 

1 

108 

24 

1 

1 

1 

0 

I 

1 

1 

- 20 

1 

1 

0.7 

1 

1 

( 

66 

1 

1 

1 

00 

• 

o 

1 

1 

1 

60 

1 

1 

1 

0.9 

1 

1 

1 

ee 

36 

1 

1 

1 

0 

1 

1 

t 

- 20 

1 

1 

1 

0.6 

1 

1 

I 

48 

1 

1 

1 

0.7 

1 

1 

1 

62 

1 

1 

1 

0.6 

1 

1 

1 

72 

46 

1 

1 

0 

1 

1 

- 20 

1 

1 

0.5 

1 

1 

32 

1 

1 

0.6 

1 

1 

47 

1 

1 

0.7 

1 

1 

58 


Example : 

The temperature dropped from 130*C to 62*F in 36 hours with insulation 
of R"14 and to -20*F with no insjlation. The battery capacity at the 
time averaged temperature for the interval was used to calculate 
(<&R/F), the range effect due to the insulation. 
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Battery Electrolyte Temperature 
with 2 in. (R-14) Insulation 
Ambient Temperature = -20T 



Figure 2. 
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•• Insttlation with Thr— 1 Xnartla* ConfAcwiytloti 
1* IchMatie Diagrwn 



SECTION B-b 


BATTERr^ 



INSUUTION (thickness) 

FIIASE CIIANGk MATERIAL 
VENTILATION SPACE 

•ISM 


2. Considerations I 

With s starting point of 130*F what is the trade-off 
in battery capacity with Insulation thickness, phase 
change material properties and thickness to obtain 
the best 10 hour performance with minimum thickness, 

3, Cursory analysis indicated that an insulation/phase 
change material sandwich provided optimal results. 
This was evaluated as Configuration C. 



C« I n»ul«tipi> with Thr—1 Inartia landwich Confiwurttioti 


1. HehMiatie Diagram 



C 


BATTERY 


SECTION C>C 



INSULATION, aU i*,, 

PHASE CIIAI4CE H/X'f) HI 
INSULATION, INNER 

VCNTIUTION SPACK 


•1S2S 


2. Considerations I 

The placement of the phase change material, within the 
insulation, results in a thinner total layer around the 
battery with the same 10 hour effectiveness. This con- 
struction was optimized for two phase change fluids 
applied within 2 inches of R ■ 7 per inch insulation. 

The use of water and also Eicosane was considered as 
the "thermal Inertia material". 



OTcnuaeM 
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3. llBaulta 


a) Optimizad Placament and "tharnal inartla aatarial" 
appliad within 2 inchaa of R ■ 7 par inch Inaulation. 


Malarial and fiuantity of 
"themal inartia material** 

Xnaide Inaulation 

Outside Inaulation 

Total Thickneas 


125 lb. 
Water 

1.0 inch 

1.0 inch 

2.3 inches 


6 lb. 
Eicoaane 

1.7 inch 

0.3 inch 

2. 1 inchaa 


b) Effect on vehicle range (R) and final battery temperature 
after 10 hourK when starting with battery electrolyte at 
130*F, ambient of -20»F and no heat dissipation from the 
battery during the 10 hour period. 


Material 

Water 

Eicosane 

None 

None 

Insulation 

2 inches 

2 inches 

2 inches 

None 

A R* 

+ 0.76 

+0a84 

+0.76 

0 

R 





Final Tbattery 

119»F 

124*F 

107OF 

o 

♦considers 

weight effect, which is 

small, iae* 

0. 1 


itf&iiAiiieM 
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»• In«ul«f d «nd ll>etric«lly Hwf 4 ConficMration 


1 • SehaMtic Diagrut 



SECTION D>D 


1 / 


BAITERY* 




ELECIRIC HEATING ELEMENT 

IMSUUTION 
VENTILATION SPACE 


•1S24 


2. Considerations 

What are the trade-offs when adding heat derived from electric 
battery power to keep the br *’tery temperature at a pre- 
determined set value? 


The variables considered include: 

Insulation 

Ambient Temperature 

Temperature Set Point 

Time for Initiation 

State of Charge, at Initiation 
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3* Initial A«»wm«nt (Rafar to Tabla balow) 


With 2 inehaa total insulation of R ■ 7 parinch 
Tambiant of -20 *F 

At tima ■ 0, battary ia fully chargad, alactrotypa is at 130*F 


1 Condition 

( 

1 With 

( 110«P 

1 

( 

( With T_.t 
( 100*F 

1 

1 

1 With T,et 

( 90 »F 

J 

With T^et 
80 »F 

1 Initial 
1 Pariod 

k? . 0.74 

1^ “ 

- 0.80 

^ • 0.80 


1 for 8 hours 

1 for 13 hours 

1 for 19 hours 

for 24 hourb 

ILoss per Hour 

( 

( 

( 

( 

( 

( 


(After Initial 

( 185 W 

1 171 W 

1 157 W 

143W 

1 Period 
1 

( 

J ... _ 

( 

( 

( 

( 


(Range Effect 

( 

( 

( 

( 

( 

( 


(After Initial 

( 

( 

( 


(Period with 

( 

1 

( 

1 

( 

1 


( a) Heater On 

1 

1 

1 


( per hour 

1^ » 0.0096 
1 

0.0097 

1 

1 0.010 
( 

0.012 

( b) Heater Off 

( 

( 

( 

( 

( 


( to 36 hours; 

( ~ •= 0.0001 

( 0.0001 

( 0.005 

0.007 

( Avo. per hour ( 

( 1 

( 

( 

( 

( 
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Conelulion 


Ai C«lcMl«tlon M»thodolocrv 

AiMating the rang* banafit of diffarent coneapt* for battary 
tamparature conditioning impliaa that probabiliatie affacta ba 
conaidaradt Thaaa affacta include - 
perioda of non-uaa 
atata of charge at non-uae. 

To avoid complex computations that simulate these effects, the 
following simplifications have been made in all of the Initial 

assessments. 

1. Electrolyte temperature at the initiation of the non>use 
period is 130*F. 

2. State of charge during non-use is 'fully charged*. 

3. Optimization is done on an average temperature basis for 
the time interval analyzed. 

4. Initial Assessment 
With Tambient of -20®F 

^battery ®qual to 130»F at time * 0 

for the average temperature over the period 
R evaluated. 

B . R ecommendation 

The preferred method is to use simple insulation with a small 
thermostatically operate'^ blower using ambient air for cooling. 
Attention will be nect< *d co secure the lowest available tempera" 
ture, avoidin:; st gnai’t under hood heated air. 


Ttl 
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to option of hooting tho bottorioo, uoing gorogo powor Whon 
ovoiloblo ond hottory poirar whon undor woy My bo uooful for tho 
googrophic oroos of Mot oovoro cold. 

Tho bonofito of thlo opproooh oppoor oignificont. Tho trode-off 
to providing odditlonol volume to oceomodatlng tho inoulotlon hoo 
important implieotion to vohiclo dosign ond battery mointononce* 
No signlficont improvement woe found on this oimple configuration. 


U«c ' 
"If' 
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G,1 Development Effort 


The effort to develop EHV Environmental Control Systems has been estimated 
for three configurations: 

• Engine Driven Heat Pump 

# Thermal Storage 
e Split Heat Pump 

The development effort has been estimated to establish the absolute level of 
effort and also to provide a comparison between the requirements of the three 
configurations that were studied. In each configuration the estimate comprises 
one iteration oi design through the laboratory evaluation using available 
components to the greatest possible extent without jeopardizing function and 
performance. Similar schedules were considered in the three estimates of level 
of effort. This typical Development Schedule is shown in Figure G-1. 


Typical Development Schedule 



Months 1 

2 


6 

8 

10 

12 

14 


18 

20 

Preliminary Design 
Component Select/Develop 
Prototype Design^ Build 
Prototype Test 
Report 


3 

— 




1 

1 



1 

1 

1 

■ 

■ 

■ 

■ 

■ 

■ 

— 
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Figure G-1 


C»2 Scope of Taskt 


The scope of work to be performed In the development was defined for each cf 
the three configurations. The task breakdown was: 

Preliminary Design which includes: 

1. listing and definition of design parameters 

2. layout of heating and cooling system 

3. layout of charging system (U applicable) 

4. definition of control strategy 

5. design considerations for safety 

6. definition of test procedures and data require-nents 

b) Component Select /Develop which includes: 

1, optimize components for vehicle unit 

2, optimize components for recharge unit(s), (if applicable) 

3, selcf.i l>esi commercially available components 

c) Prototype De s ign and Build which includes: 

1. Iterate the preliminary design to make use of commercially 
available c omponent s 

2. integrate ECS design with a generalized vehicle. 

3. design the test equipment 

4. complete prototype design, including controls, safety 
considerations and vehicle integration 

5. review design and interaction of test equipment and 
vehic le 

6 detail design prototype parts 

7. obtain quotations of vendor parts, conduct vendor discussions 

8. order all materials, fabricate parts 

P^^o t-otype Test which includes; 

1. assemble prototype 

2. provide data acquisition equipment 

3. debug prototype, test equipment and data acquisition 
perform lo'Js in a(<.nrd wifh the re:*. t procedure 

'')• collect and log data 




c) Report which includest 

1. enelyzf. data 

2. review results 

3. document all work 

U, deliver draft report 
5. deliver final report 


The evaluation for any of tht candidate ECS's requires a laboratory test 
capability that can perform as a Psychrometric Test Chamber. Tht principle 
features of such a chamber are identified, refer to Figure G-2. 


Psychrometric Chamber Test System 


CVArCHIAfOf» OK 
coNDCNim ir usrD 
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G.3 Conf iguftloni 


The selection of the three configurations recommended for furhter consideration 
is described in Appendix E of this report. The three configurations are 
identified again here, as representative of the stai’ting point for the develop- 
ment effort estimate. 

a) Engine-Driven Heat Pump 
Figure G-3 

b) Thermal Storage System 
Figure G-4 

c) Split Heat Pump System 
Figure G~b 


Engine-Driven Heat Pump 



Figure G-3 
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Thermal Storage System 



Split Heat P\z Ap System 



G.^ Level of Etfori 


Fip,ure G~5 


The effort in terms of manhours and material cost is described by task 
each of the three configurations in Figure G-6* 


MOUJMeM 

rfCNMSioev 

W i C O M OMT tS 


tor 








EHV Environmental Control System Development 



Engine*Drlven 
Heat Pump 

Thermal Storage 

Split Heat Ptamp 

Task 

Manhours 

Materials 

8K 

Manhours 

Materials 

8K 

Manhours 

Materials 

8K 

PrctimiiMrv Dtsign 

840 

1 

850 

1 

1,180 

2 

Component Select/ 
Develop | 


4 

1,490 

6 

1,360 

86 

Prototype Design 
and Build 

3,180 

63 


65 

5,160 

35 

Prototype Test 

3,210 

35 


36 

3,650 

36 

Report 

650 

2 


2 

780 

2 

Total 

8,800 

105 

11,400 

110 

12,100 

161 


81370-1 


Figure G-6 


G. 5 Risk Absp eament 


An evaluation was made of the confidence In the availability of applicable technology 
for each of the configurations. From this assessment, the risk Incurred In achieving 
a successful development within the estimated budget and schedule can be made. Please 
note that the code used Is: 


SSS ■ State of the Art 

RR ■ Technology exists but may require 

modification for vehicular application 

D ■ Extensive development Is required 
a) Engine-Driven Heat Pump using a gasoline engine: 

1. Heat Pump Technology ■ SSS 

2. System Efficiency - RR 

). Gasoline Engine Performance - SSS 

4. Engine Waste Heat Utilization - RK 

5. Heat Exchanger Technology - SSS 

6. Passenger Compartment - SSS 
Heat Exchange Equipment 


tneHMoiaa* 
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7. Unit Packaging - RR 
6. Conpartaanc Ducting - SSS 

9. Coapartaanc Loaaaaa • SSS 

10. EqulpaanC Rallablllty - SSS 

11. Control Stratagy > RR 

12. Taar. Equipaant • SSS 


b) Tharaal Storage Syatca ualng athalyne glycol aa the working fluid: 


1. 

Ethylene Glycol Storage - 

SSS 

2. 

System Efficiency - RR 


3. 

Storage Vessels > RR 


4. 

Liquid Storage Vessels - RR 

5. 

Passenger Compartment 
Heat Exchange Equipment - 

SSS 

6. 

Unit Packaging - D 


7. 

Compartment Losses * SSS 


8. 

Compartment Ducting - SSS 


9. 

Equipment Reliability - D 


10. 

Control Strategy - RR 


11. 

Recharge Equipment 
Technology - SSS 
Packaging - RR 


12. 

Test Equipment - SSS 



c) Split Heat Puap System 


1. Absorbtion Technology - RR 

2. System Efficiency - RR 

3. Liquid Ammonia Storage - D 

4. Evaporator - RR 

5. Absorber /Heat Exchanger - D 

6. Passenger Compartment RR 
Heat Exchange Equipment 

7. Unit Packaging • RR 

8. Compartment Cue ting - RR 

9. r, mpartment Losses - SSS 

10. .quipment Reliability - U 
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11. Control Strattgy > D 

12. Recharge Equipment 
Technology - RR 
Packaging - D 

13. Test Equipment 
Vehicle Unit - SSS 
Recharge Unit - RR 


mui 
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